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Abstract 
This work describes the synthesis of twenty N-mono- and N,N-di-substituted propenamides 
and rationalises reactivity based on conformation. The N substituents are the 5,6,7,8-
tetrahydro-1-naphthalenyl or 2,6-dimethylphenyl, and the benzoyl groups. The compounds 
also have substituents to the C=C group with a range of inductive and mesomeric effects. 
Synthesis was achieved mostly by acylation of amines/amides using acyl chlorides in the 
presence of a base. Fourteen novel compounds were synthesised (and six more, previously 
noted in the literature, were fully characterised for the first time); melting points are reported 
for all and also full allocation of NMR peaks. The conformation of each compound was 
elucidated by NMR, crystallography (in the solid state) and computational studies (in vacuo). 
Computational studies were used to obtain energy profiles for rotation around the C-N bond. 
The energy minimum conformation, as well as the magnitude of the rotational barrier, in 
conjunction with crystallographic findings, allows conclusions about the conformation in 
solution. Thus the N-(5,6,7,8-tetrahydro-1-naphthalenyl)propenamides were found to prefer 
an aromatic ring planar to the amide group, whereas N-(2,6-diMePh)-, N-benzoyl-N-(2,6-
diMePh)- and N-benzoyl-N-(5,6,7,8-tetrahydro-1-naphthalenyl)propenamides prefer a highly 
twisted one. 
The reactivity of the compounds towards bromination was assessed by kinetic studies of the 
reaction in methanol and by NMR product analysis of bromination in methanol and in 
chloroform. Although addition of bromine to alkenes is traditionally thought of as a fast 
reaction whereas bromination of benzene is slow, it was found here that when the 
conformation of the propenamides was planar allowing N-Ar conjugation, bromination of the 
aromatic ring occurred in preference to C=C addition, especially in the more polar methanol. 
Furthermore, substituents to the C2 of the propenoyl group were found to affect the rate of 
this aromatic bromination. When twisting of the aromatic ring minimised N-Ar conjugation, 
bromination was by addition to C=C, but the reaction was slow.  
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CHAPTER ONE 
1. INTRODUCTION 
1.1 Aims of this study  
Organic reactivity effects are conveniently divided into electronic (mesomeric, inductive) and 
steric, but steric effects can influence electronic (and vice versa).  This is often seen in 
amides, where steric factors can cause deviation from the planarity associated with electron 
delocalisation within the group.1 An example of a highly twisted N,N-disubstituted 
propenamide, synthesised by Sakamoto et al., is shown below (figure 1.1). 
 
 
Figure 1.1   Highly twisted N,N-disubstituted amide, synthesised by Sakamoto et al.1  
In this work, a range of N-mono- and N,N-di-substituted propenamides was studied; they are 
of the type shown in figure 1.2. 
 
 
 
 
 
 
 
 
 
Figure 1.2   General formula of the amides and imides studied in this work  
 
These compounds are expected to be highly cross-conjugated as shown by the resonance 
forms in the example below (figure 1.3). 
 
Ar = 5,6,7,8-tetrahydro-1-naphthalenyl (THNP) or 2,6-dimethylphenyl (2,6-diMePh) 
R4 = H (amides), COPh (imides) R1 = H, Me, Cl, CN R2, R3 = H, Cl, Ph 
2 
 
 
Figure 1.3   Canonical forms of the amides/imides studied in this work  
 
The degree of each particular conjugation can be affected by conformation, as twisting of the 
groups can decrease favourable overlap of orbitals, but is also affected by the strength of 
conjugation of the other groups. For example, conjugation within the amide group might be 
expected to discourage conjugation of C=O with C=C because of the resulting high electron 
density of the carbonyl oxygen atom. On the other hand, if the aromatic group is planar and 
conjugated with the amide group, delocalisation of the nitrogen lone pair towards the 
aromatic group might be expected to diminish conjugation within the amide group and 
encourage C=O conjugation with C=C; of course the electron density of C=C is also 
influenced by inductive and mesomeric effects of its substituents but the electronic balance of 
the whole cross conjugated system is affected not only by the nature of the substituents but 
also by the conformation of the molecule.  
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In this work the conformation of each compound will be elucidated by X–ray diffraction 
crystallography for the solid state and by ab initio computational studies for the gaseous state 
(and by extension of this also for the solution state). 
Experimentally, conclusions about the electronic balance of the amides/imides will be drawn 
based on observation of their reactivity towards bromination; a reaction which can take place 
in two ways, by electrophilic addition to the double bond or by electrophilic substitution to 
the aromatic ring. The rate of the former will be affected by the electron density of the C=C 
bond and of the latter by the degree of activation of the aromatic ring by the NHCOR group. 
While a steric factor, leading to twisting of groups out of plane, can influence conjugation it 
can also have a direct effect on reactivity, if (for example) twisting of a bulky aromatic group 
out of plane obstructs one face of a reaction such as addition of bromine to a C=C bond. 
Furthermore, if this hindrance is asymmetric it might result in enantiomeric excess in the 
product. A number of amides (including a number of the compounds in this work) were 
found to exhibit axial chirality1, 2 and in some cases gave chiral crystals; the potential for 
subsequent asymmetric reactions is also discussed in this work. 
In summary, this work is a study of synthesis, conformation and reactivity of twisted, highly 
conjugated amides and imides where the electronic distribution within the molecule is 
sensitive to conformation and where communication between two remote groups is 
established via a cross-conjugated system. 
1.2 Conformation and Reactivity in Organic Chemistry  
A major factor affecting the outcome of a reaction is the correct orientation of the relevant 
orbitals of the substrate and of the attacking species, i.e. the shape of the reaction site. The 
shape of a simple molecule is decided by the length and the angles of its bonds; for example, 
it is well established that methane has a tetrahedral shape with bond angles 109.5 o. The shape 
of more complex molecules though, can vary as a result of rotation around single (and partial 
double) C–C bonds; thus a single molecule can have a number of different spatial 
arrangements resulting from rotations around bonds (conformations) with the most stable one 
dictated by a combination of steric and electronic effects (intra- and inter-molecular). The 
importance of conformation/configuration in biological molecules has long been established. 
A well-known example is the highly stereospecific reaction between an enzyme and its 
substrate which is described as the ‘lock and key’ mechanism, a name depicting the 
requirement for ‘exact fit’. Another example, illustrated in figure 1.4, is the 
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photoisomerisation of 11-cis retinal to all trans by absorption of a photon; this simple rotation 
is a decisive step for the function of vision. 
 
 
 
Figure 1.4   Photoisomerisation of 11-cis retinal to all trans retinal 
 
1.2.1 Conformations of some simple molecules 
Ethane, although a relatively small molecule, has infinite conformations characterised by 
different values of the torsion angle between C–H bonds in the two methyl groups, the two 
extreme ones being ‘eclipsed’ (torsion angle 0 o) and ‘staggered’ (torsion angle 180 o), 
(figure 1.5). 
 
 
 
 
                                           
 
Figure 1.5   Newman projections and structural formulae showing the eclipsed conformation ( a) 
and the staggered conformation (b) of ethane 
It is now well established that the staggered conformation is more stable than the eclipsed 
with a difference in energy of 12 kJ mol-1, which is the value of the rotational barrier of the 
C–C bond.3
Two main factors have been reported to contribute to the stability of the staggered 
conformation. 
a. Minimisation of bond – bond repulsion i.e. repulsion of overlapping filled molecular 
orbitals  
b. Hyperconjugation effects: The staggered conformation is stabilised further by the 
favourable orientation (and hence maximum overlap) of the bonding and antibonding 
orbitals of C–H in the two CH3 groups (figure 1.6). 3, 4 
a b 
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Figure 1.6   Bonding σ (blue) and antibonding σ* (orange) orbitals of C-H in staggered 
conformation of ethane3  
In a slightly more complex molecule, butane, two of the hydrogen atoms have been replaced 
by larger methyl groups whose relative position gives six main conformations: ‘syn-
periplanar’ (torsion angle 0 o), ‘synclinal’ or ‘gauche’ (torsion angle 60 o), ‘anticlinal’ 
(torsion angle 120 o), ‘anti-periplanar’ (torsion angle 180 o), ‘anticlinal’ (torsion angle 240 o) 
and another ‘synclinal’ or ‘gauche’ (torsion angle 300 o). The syn-periplanar and anticlinal 
conformations are eclipsed and the anti-periplanar and synclinal are staggered (figure 1.7). 
               
 
 
 
 
 
Figure 1.7   The six main conformations of butane: syn-periplanar (a), synclinal (b), anticlinal (c),  
anti-periplanar (d), anticlinal (e), synclinal (f)  
In addition to the factors stated above, steric hindrance also is significant here because of the 
large size of the methyl substituents. The three staggered conformations are more stable than 
the eclipsed and from the three possible staggered ones (anti-periplanar and two synclinal 
conformations) the one where the methyl groups  are furthest away from each other (anti-
periplanar) is more favourable than the others. Similarly, although all eclipsed conformations 
have higher potential energy there is differentiation between them, with the eclipsed syn-
periplanar (where the methyl groups are closest to each other) being the one with the highest 
energy. 
In cyclic hydrocarbons angle strain of the bonds, due to the confinement of the carbon atoms 
in the ring, is an additional factor contributing to the potential energy of the molecule. The 
angle with minimum strain is 109.5 o which is the angle between sp3 orbitals in C-H bonds of 
methane. Rings, such as cyclohexane, that allow similar angle values are therefore more 
stable. In cyclohexane there are two conformations, ‘chair’ and ‘boat’ (figure 1.8). 
 
 
a b c f d e 
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Figure 1.8   Chair (a) and boat (b) conformations of cyclohexane  
 
The boat conformation brings the two flagpole hydrogen atoms close and hence it is a higher 
energy conformation (figure 1.9). 
 
 
 
Figure 1.9   Boat conformation of cyclohexane, showing the two flagpole hydrogen atoms  
 
The more stable chair conformation has two kinds of substituents, ‘axial’ with the C-H bond 
parallel to a vertical axis through the centre of the molecule and equatorial with the bond 
parallel to the ‘equator’. Cyclohexane undergoes fast ring inversion which makes axial 
substituents equatorial and vice versa (figure 1.10). 
 
 
 
 
 
Figure 1.10   Ring flipping of the chair conformation of cyclohexane  
 
In monosubstituted cyclohexanes the chair conformation is again more stable than the boat 
but ring flipping of the former generally favours one of the two positions, where the non-
hydrogen substituent is equatorial (figure 1.11).5  
 
 
 
 
Figure 1.11   Ring flipping of monosubstituted cyclohexane  
For example, the energy of equatorial methylcyclohexane is 7.3 kJ mol-1 lower than axial, 
which corresponds to a molar ratio of 20 : 1 of the former over the latter.6  The reason for the 
preference is steric, firstly as the substituent, when in axial position, is eclipsed by the two 
a b 
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a 
b 
axial hydrogen atoms in the neighbouring CH2 groups (an interaction referred to as ‘1,3-
diaxial’) and secondly because when axial it is synclinal to two C-C bonds whereas in 
equatorial position it is anti-periplanar to them (figure 1.12). 
 
 
 
 
 
 
Figure 1.12   Structural formulae and Newman projections of monosubstituted cyclohexane with the 
substituent in axial (a) and equatorial (b) position 
Pure equatorial monosubstituted cyclohexanes have been isolated as early as 1958 
(chlorocyclohexane) and 1969 (trideuteriomethoxycyclohexane).7,8,9 However, stable axial 
monosubstituted cyclohexanes are rare; a claim of synthesis of the first axial monosubstituted 
cyclohexanes was made in 1997 by Kang and Yin but later refuted by Cornett et al. 10, 11 
Conformational equilibria have been found to favour the axial position when electrostatic 
factors dominate over steric in di-substituted cyclohexanes, e.g. diaxial 1,4-
dichlorocyclohexane was found to be stabilised by 0.8 kcal mol-1 (3.35 kJ mol-1) due to 
electrostatic interactions between the chlorines and carbon atoms at positions 1 and 4.12 
Similarly electrostatic attraction between MeO and CO (and favourable orientation of the non 
bonding orbital of OMe and the π* of CO) are responsible for the preference for a pseudo-
axial conformation of 1,4-methoxycyclohexanone (figure 1.13).13  
 
 
 
 
 
 
 
 
 
 
 
Figure 1.13   Ring flipping in 1,4-dichlorocyclohexane and 4-methoxycyclohexanone 
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1.2.2 Conformation and Reactivity in Cyclohexanes 
A well-studied example where conformation of a compound affects its reactivity is the 
nucleophilic substitution of monosubstituted cyclohexanes. One such study used 4-tert-
butylcyclohexyl tosylate where the bulky t-Bu substituent minimised ring flipping. The use of 
a strong nucleophile (sodium thiophenolate) and a good leaving group (tosylate) gave a 
reaction by SN2 substitution rather than elimination. In SN2 reactions the attack of the 
nucleophile is from a direction opposite to the leaving group with overlap of the 
nucleophile’s HOMO (in this case an sp3 orbital) with the leaving group’s LUMO (in this 
case a σ* orbital) and results in inversion of configuration. When the leaving group is in the 
axial position there is less steric hindrance and the resulting inversion of configuration leads 
to the more stable equatorial isomer; thus the reaction involving the axial isomer is much 
faster, in this case 31 times faster, than the reaction involving the equatorial isomer (figure 
1.14). 14, 15 
 
 
 
 
 
 
 
 
Figure 1.14   Nucleophilic substitution of axially and equatorially substituted cyclohexane 15 
 
Axial isomers are also better in elimination (E2) reactions, where the favoured conformation 
of the substituents to be eliminated is anti-periplanar, a condition that is fulfilled when the 
substituent to a cyclohexane is axial (and anti-periplanar to the axial H adjacent to it). Thus 
elimination of the tosylate group in 4-tert-butylcylohexyl tosylate by ethoxide in ethanol is 
faster when the tosyl group is in the axial position, with a reaction rate ratio between axial 
and equatorial substrates of 74 : 26. 16 
 
 
 
 
Figure 1.15   Elimination of the tosylate group in 4-tert-butylcylohexyl tosylate 
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In the elimination reaction of 1,2-dibromocyclohexane with iodide to give cyclohexene, the 
most reactive is, as expected, the di-axial isomer, so much so that the axial-equatorial isomer 
undergoes substitution of the axial bromine atom rather than elimination (figure 1.16).17 
 
 
 
 
 
 
Figure 1.16   Elimination of di-axial and substitution of axial-equatorial 1,2-dibromocyclohexane 
Groups that are remote from the reaction site can also influence the stability of a particular 
conformation. An example of this is nucleophilic substitution of 4-substituted acetals (figure 
1.17). Reaction with a bulky nucleophile gave an axial : equatorial ratio 96: 4 when R = OBn 
and 4 : 96 when R = CH2Bn.
18  
 
 
 
 
Figure 1.17   Nucleophilic substitution of 4-substituted acetal showing products  where the C4 
substituent is in axial (a) and equatorial (b) position 
This was explained by the authors as a result of the preference of the alkoxy-substituted 
oxocarbenium ion for the axial conformation favoured by electrostatic forces between the δ-
on the O substituent and the δ+ carbon atom of the ion (figure 1.18). 
 
 
 
Figure 1.18   Alkoxy-substituted oxocarbenium ion 
a b 
δ+ 
δ- 
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1.2.3 Partial Double Bonds and Effects on Reactivity 
The previous sections showed the effect of conformation on reactivity and how conformation 
is affected by steric as well as electrostatic effects. This section looks at the effect of orbital 
overlap between adjacent bonds (known as ‘conjugation’).  
An example of a simple conjugated molecule is 1,3-butadiene. Although it is depicted (and 
named) as possessing alternate double and single bonds (figure 1.19a) overlap of π orbitals 
leads to delocalisation of electrons over all four bonds. Thus the single bond acquires partial 
double bond character and vice versa. It is therefore better depicted in figure 1.19b. 
 
 
 
 
Figure 1.19   Structural formulae of butadiene. Canonical forms (a) and skeletal structural formula 
showing partial orders of all bonds (b)  
Segre and Castellano calculated the length of C2–C3 bond in 1,3-butadiene to be 1.463 Ǻ19  
i.e. shorter than a single bond between two sp3 carbon atoms in alkanes (1.532 Ǻ). 20 The 
shortening of the bond was found to be 30 % due to the change of hybridisation of the carbon 
atoms from sp3 to sp2 and 70 % due to the partial double bond order acquired by 
conjugation.21  
Conjugation can also be between a lone electron pair and a double bond or an aromatic ring. 
For example, in phenols and phenylamines, the oxygen or nitrogen lone pair is delocalised 
towards the aromatic ring, and an ion is stabilised by resonance, as shown for the phenoxide 
ion in figure 1.20. Thus phenol is more acidic and phenylamine less basic than the 
corresponding cyclohexane compounds.  
 
Figure 1.20   Canonical forms of the phenoxy ion  
The increased acidity/reduced basicity of the aromatic compared to the aliphatic 
alcohol/amine is shown by the relevant pKa (table 1.1) and also reflected in experimental 
a b 
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results as, for example, phenol reacts with sodium hydroxide essentially to completion 
whereas cyclohexanol does not. 22 
Table 1.1   pKa of phenol and phenylamine compared with the corresponding aliphatic alcohol and 
amine 
 pKa   pKaa 
Phenol 9.98 23, 24  Phenylamine 4.58 25 
Cyclohexanol 18 26  Aminocyclohexane 10.6 27 
 
a The values of pKa for phenylamine and aminocyclohexane refer to the pKa of their conjugate acids 
 
Another effect of the conjugation of the oxygen (or nitrogen) lone pair with the aromatic ring 
in phenols and phenylamines is the activation of the aromatic ring towards electrophilic 
substitution as a result of increased electron density at the o and p positions (figure 1.21). 
   
 
 
 
 
Figure 1.21   Canonical forms of phenol showing  o and p activation 
 
Thus phenol readily brominates to produce 2,4,6-tribromophenol at room temperature, 
whereas bromination of benzene takes place only in one position and requires a catalyst and 
some warming. 
Conjugation in compounds where C=C is adjacent to C=O, as in α, β unsaturated carbonyl 
compounds, is shown in figure 1.22. 
 
Figure 1.22  Canonical forms of α, β unsaturated carbonyl compounds 
In such compounds nucleophilic attack can take place both at the carbon atom of the carbonyl 
group (1,2 addition) and also at the β carbon atom (1,4 conjugate addition) with 
regioselectivity depending on the type of nucleophile, the nature of the unsaturated carbonyl 
compound and on experimental conditions.  An example of reaction of butenone with cyanide 
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a 
b 
is shown below (scheme 1.1). Here conjugate addition is preferred to nucleophilic attack on 
the carbonyl group.28  
 
 
 
 
 
 
Scheme 1.1   Conjugate (a) and direct addition (b) to butenone 28 
A similar effect is observed in ketones where an equilibrium is established with the enol form 
(figure 1.23). This equilibrium, which involves proton transfer and produces compounds with 
different functionalities (in this case ketone and alkene/alcohol) is referred to as 
‘tautomerism’, in this case as ‘keto-enol tautomerism’. 
 
 
 
Figure 1.23   Keto-enol tautomerism in propanone 
 
The percentage of enol form is very small (e.g. < 0.1 % in propanone) but under certain 
conditions it activates the α carbon atom towards addition. An example of such reaction is 
acid catalysed bromination of ketones (scheme 1.2).29 
 
 
 
 
 
 
 
Scheme 1.2   Acid catalyzed bromination of ketones  
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Compounds with more than two conjugated groups can exhibit cross conjugation, where two 
groups are conjugated with a third but not with each other. A simple example of such a 
compound is shown in figure 1.24. 
 
Figure 1.24   A simple cross-conjugated compound  
 
Phelan and Orchin, in 1968, examined a series of compounds exhibiting cross conjugation to 
the carbonyl group, and found that the conjugation in these compounds is not competitive. 30 
However other researchers found that the relative conjugation of groups varies. For example 
Zierkiewicz et al., in 2004, showed that in p-halophenols delocalisation of the halogen lone 
electron pair towards the aromatic ring decreases the degree to which the ring is conjugated 
with oxygen. Thus p-fluorophenol with stronger F–Ar conjugation was found to have the 
longer C–O bond (i.e. the bond with the smallest bond order) showing decreased 
delocalisation of the oxygen lone pair.31 
The compounds studied in this work are also cross conjugated as the aromatic and alkene 
groups are conjugated with the amide group, but not with each other (figure 1.3). A study of 
conformation and reactivity will assess the degree of interdependence of the strength of 
conjugation of the two groups. 
 
1.2.4 Restricted Rotation  
Bond rotation is responsible for successive continuous change in conformation. It can be 
rapid or very slow depending on the rotational barrier – the energy barrier that has to be 
overcome for a full rotation of the bond – and can be quantified by considering the rate 
constant of rotation. For example, a barrier of 73 kJ mol-1 gives a rate constant of 
approximately 1 s-1 (at 25 oC) and an increase of 6 kJ mol-1 at the same temperature reduces 
the rate constant by a factor of 10. A barrier of approximately 55 kJ mol-1 at 25 oC gives a 
rate constant of approximately 1000 s-1 and hence conformations are stable enough to be 
identified by NMR.3 
A major factor that influences the rate of rotation is the bond order. Thus rotation around 
single bonds is very fast, e.g. the rotational barrier of ethane at room temperature is 12 kJ 
mol-1 (and the rate constant of rotation 4.89 x 1010 s-1),32 whereas the existence of the π orbital 
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in double bonds raises the rotational barrier enough to give two stable isomers (trans and cis). 
For comparison, the rotational barrier of ethene was experimentally calculated as the 
activation energy of cis/trans isomerisation of HDCCHD as 271.96 kJ mol-1.33 
Another contributing factor to the rotational barrier is steric hindrance, defined as a non 
bonded atom-atom interaction due to electronic cloud repulsion, which increases the energy 
of the transition state and consequently the rotational barrier. An example illustrating the 
effect of steric hindrance is given in a study of ethane and substituted haloethanes by 
Margules et al. which reports an increase in the rotational barrier as shown in table 1.2.34 
Substituting one H with Cl raises the barrier by 2.71 kJ mol-1. Further substitution continues 
to increase the barrier in general correlation with a decrease in Cl---H distance (i.e. distance 
between Cl and proximal H). The significance of steric interactions is emphasised in 
CH3CCl3 where the Cl---H distance is smaller than the sum of the Van der Waals radii of Cl 
and H (reported by the authors as 3.0 Å). 
Table 1.2   Rotational barriers and X-H distance of substituted chloroethanes34 
 
Molecule Rotational barrier 
(kJ mol-1)a 
Cl---H  
distance (Å) 
CH3CH3 12.06  
CH3CH2Cl 14.77 2.919 
CH3CHCl2 17.82 2.872 
CH3CCl3 21.76 2.866 
a The values are converted to kJ mol-1 from the ones reported in the article which are in kcal mol-1   
Despite its significance, steric hindrance is not the only factor contributing to the rotational 
barrier. Hyperconjugation and electrostatic attraction are two more factors and in certain 
compounds they can be more influencial. For example, hyperconjugation was suggested by 
Hameka and Jensen to be the main contributor to the stabilisation of the minimum energy 
conformation of methylbenzene which has a methyl C–H perpendicular to the phenyl ring 
(whereas in the transition state this bond is planar to the aromatic group), (figure 1.25).35 
 
 
 TS 
Figure 1.25   The minimum energy conformation and transition state (TS) of C -CAr rotation 
in  methylbenzene 
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A study of mono-, di- and tri-chloromethyl substituted benzenes also showed 
hyperconjugation (πAr σ*C-X) to be the main contributing factor, and the minimum energy 
conformation to be similar to methylbenzenes (as shown for chloromethylbenzene in figure 
1.26a). In the o-Cl derivatives of these compounds, however, there is predominance of steric 
factors over hyperconjugation; thus they have an additional energy minimum conformation 
with the methyl C-Cl anti to CAr-Cl (as shown for 1-chloromethyl-2-chlorobenzene in figure 
1.26b). The transition state for the ortho substituted compounds has the two chlorine atoms 
eclipsed.36 The third factor, electrostatic attraction, is demonstrated by mono-, di- and tri-
fluoromethylbenzenes where electrostatic forces between F and o-H, was the main 
contributor and the minimum energy conformation had  C–F planar to the benzene ring (as 
shown for fluoromethylbenzene in figure 1.26c).37 
 
 
 
 
 
Figure 1.26   Stable conformations of chloromethylbenzene (a), 1-chloromethyl-2-chlorobenzene 
(b) and fluoromethylbenzene (c) 
1.2.5 Axial Chirality and Atropisomerism 
In 1848, Louis Pasteur discovered that there were two types of crystals of the ammonium 
sodium salt of 2,3-dihydroxybutanedioic acid (tartaric acid) which were non-superimposable 
mirror images of each other; thus he introduced the concept of chirality.38 A chiral object is 
an object that has no plane of symmetry and can exist in two different arrangements that are 
non superimposable mirror images (enantiomers, formerly called ‘optical isomers’). In 2,3-
dihydroxybutanedioic acid the chiral crystals are each made up of a different enantiomer and 
rotate polarised light in  different direction (figure 1.27). 
 
 
 
Figure 1.27   Optical isomers (enantiomers) of tartaric acid  
S,S-2,3-dihydroxybutanedioic acid R,R-2,3-dihydroxybutanedioic acid 
b a c 
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Chirality is surprisingly common in nature. A striking physical example is the human body, 
with the heart on the left and the liver on the right; even more impressive is that all human 
bodies are only of one type as there are none with the heart on the right and the liver on the 
left! Chirality is observed in key molecules in nature, for example in aminoacids almost all of 
which are S (figure 1.28). 
                                                     
 
Figure 1.28   S-aminoacid  
Chirality in molecules is fixed when it is due to an asymmetric arrangement of substituents 
around an atom (called a ‘stereogenic centre’) e.g. a carbon atom with four different 
substituents. Many compounds used as drugs are chiral, an example is the painkiller 2-(4-(2-
methylpropyl)phenyl)propanoic acid (ibuprofen), (figure 1.29). 
 
 
 
 
 
Figure 1.29   2-(4-(2-methylpropyl)phenyl)propanoic acid (ibuprofen) 
Another type of chirality is shown by systems that have no stereogenic centre but an 
asymmetric conformation due to the arrangement around a rotational axis (‘axial chirality’). 
Two classic types of compounds that display axial chirality are substituted 1,2-dienes and 
biaryls (figure 1.30).  
 
 
 
 
Figure 1.30   Substituted 1,2-diene and biaryl  
 
Axial chirality is also common in nature with examples including the spiral pattern of shells 
and the way some plants wind around supporting structures, with honey suckle forming a left 
handed helix and bindweed a right handed one. The classic example of a molecule common 
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in living organisms that shows axial chirality is DNA – a double right handed helix (figure 
1.31).  
          
 
 
 
 
Figure 1.31   Axial chirality in nature: Shell of Neptunea angulate 39, honey suckle40, bind weed41 
the double helix of DNA42 
Axial chirality in molecules is significant only if the rotational barrier around the stereogenic 
axis is large enough to slow down rotation enough for the two isomers to be able to be 
isolated. It is then known as ‘atropisomerism’ from the greek α (not) and τρόπος (tropos = 
turning), a term coined by R. Kuhn in 1933.43 Atropisomers are considered stable enough to 
be recognised as separable species when their half-life is larger than a value which is 
arbitrarily set to 1000 s (16.7 min)44 corresponding to a minimum rotational barrier of 91.65 
kJ mol-1 at 300 K. For comparison, the rotational barrier of ethane at 298 K is 12 kJ mol-1. 
The first enantiomerically pure atropisomer was a tetrasubstituted biphenyl isolated by 
Christie and Kenner in 1922 – a salt of a dinitrodiphenoic acid shown in figure 1.32.45 
 
Figure 1.32   Dinitrodiphenoic acid 
Synthesis of enantiomerically pure compounds has long been researched especially for 
products of the pharmaceutical industry. The chirality of biological receptors and of enzymes 
means that any compound interacting with them needs to be enantiomerically pure. A 
racemic mixture contains both enantiomers and the one that is not active can be at best 
passive, which will make the dose administered inaccurate, but at worst toxic, which can 
have detrimental effects as in the well-known case of thalidomide, where the ‘wrong’ 
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enantiomer lead to teratogenesis. Chiral catalysts have long been used for enantiomerically 
selective syntheses and a surprising number involve atropisomeric ligands, one such ligand 
being 2,2'-bis(diary1phosphino)-1,l'-binaphthyl (BINAP) synthesised by R. Noyori in 1990 
(Nobel prize 2001), (figure 1.33) .46  
 
 
Figure 1.33   2,2'-bis(diary1phosphino)-1,l'-binaphthyl (BINAP)  
Research aimed at the synthesis of atropisomers focused originally on the use of biaryls but 
today more classes of compounds have been found. Substituted 2-aryl-1,3-dioxanes have 
been shown to have the aryl substituent preferentially in the axial position and orthogonal as 
shown in figure 1.34a.47 Other even simpler atropisomers are highly substituted benzenes 
(figure 1.34b) 48 or substituted monopyrroles (figure 1.34c).49 
 
 
        
 
 
 
Figure 1.34   Atropisomeric compounds: 2-aryl-1,3-dioxanes (a), substituted benzene (b) and 
substituted monopyrroles (c) 
 
1.3 Conformation and Reactivity in Aryl N-mono- and N,N-di-substituted 
amides 
Aryl N-mono- and N,N-di-substituted amides (imides) can show complex conjugation 
especially when the N substituents contain unsaturated groups, and when substituents are 
(S)-BINAP (R)-BINAP 
a b c 
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bulky the conformation can be far from planar and twisting of groups out of plane influences 
conjugation not just locally but also in more remote groups. 
1.3.1 Conjugation of the amide group 
A characteristic of the amide group (-CONH-) is the delocalisation of the nitrogen lone 
electron pair into the carbonyl group. As a result, the C–N bond acquires a partial double 
bond order and the arrangement of substituents around N becomes planar - the hybridisation 
of N is sp2 (figure 1.35).  
 
 
 
 
Figure 1.35    Conjugation within the amide group  
Thus the OC–N bond is shorter in amides compared with amines, e.g. in RNH2 it is 1.469 Å 
and in simple acyclic amides (RCONHR’) is 1.334 Å.50 The rotational barrier of the bond is 
also increased; in amines it is mainly due to steric or electrostatic effects (e.g. hydrogen 
bonding) but in amides a very important additional factor is the partial double bond order. 
Substituents that favour the delocalisation of the nitrogen lone pair towards CO increase the 
rotational barrier and vice versa. Thus electron donating substituents to the nitrogen atom 
favour delocalisation and increase the barrier whereas electron donating substituents to the 
carbonyl group discourage delocalisation and decrease the barrier. When a group, e.g. an 
alkene, conjugates with the carbonyl group it is in competition with conjugation of the 
carbonyl group with nitrogen, hence the OC-N barrier is decreased; some examples from 
literature follow. The rotational barrier for methanamide is given in Jackman as 74.5 kJ mol-1, 
for ethanamide – where the electron donating methyl group is bonded to CO – as 69.9 kJ mol-
1, for N,N-dimethylmethanamide – where two methyl groups are bonded to N – as 87.4 kJ 
mol-1 and for benzamide – where benzene is conjugated with CO – as 65.7 kJ mol-1.51 Wiberg 
et al. reported the rotational barriers of N,N-dimethylmethanamide and N,N-
dimethylethanamide in the gas phase for rotation via each of two distinct transition states 
shown in figure 1.36. 52 
 
 
Figure 1.36   Two transition states for rotation around C-N of N,N-dimethylmethanamide and N,N-
dimethylethanamide 
 TS2 
R = H, Me 
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N,N-dimethylmethanamide had a rotational barrier of 83.97 kJ mol-1 for TS1and 82.17 kJ 
mol-1 for TS2, whereas N,N-dimethylethanamide had 65.14 kJ mol-1 for TS1 and  
75.86 kJ mol-1 for TS2. Both TS1 and TS2 are lower for N,N-dimethylethanamide than N,N-
dimethylmethanamide as predicted by the electron donating effect of the methyl substituent 
to CO hindering conjugation in the amide group and increasing the single bond character of 
the OC–N bond. However the increased energy of TS2 in N,N-dimethylethanamide is due to 
steric methyl-methyl repulsion (between C–Me and N–Me) and, interestingly, the authors 
also consider methyl-methyl steric repulsion to be contributing to de-stabilisation of the 
ground state in N,N-dimethylethanamide and hence to the overall lowering of the rotational 
barrier (compared, for example, with N,N-dimethylmethanamide). 
Considering N-monosubstituted amides, the high rotational barrier results in two possible 
geometric isomers; cis (NH syn to CO) and trans (NH anti to CO), (figure 1.37). 
 
 
 
 
                                        Figure 1.37   cis (a) and trans (b) isomers of amides 
The rotational barrier around the C–N bond in amides (typically 80 kJ mol-1 at 25 oC)32 is too 
low for the cis and trans isomers to be isolable but identification by NMR spectroscopy is 
possible, especially at lower temperatures. A study by La Planche and Rogers in 1964 found 
the trans isomer to be generally the most abundant, but that the percentage of the cis isomer 
in N-monosubstituted methanamides (R1 = H) increased with increased bulkiness of the N 
substituent.53 So, N-methylmethanamide was found to have 8 % cis isomer,  N-
ethylmethanamide 12 %,  N-propan-2-ylmethanamide 12 % and N-1,1-
dimethylethylmethanamide 18 % probably resulting from steric repulsion between the bulky 
N substituent and CO, since R1 = H. An earlier study by the same authors had shown that the 
preferred configuration of N,N-disubstituted methanamides (R1 = H) was with the bulkier 
substituent trans to CO which was in accord with the later findings mentioned above. 
However, the trend in N,N-disubstituted ethanamides (R1 = Me) was the reverse, with the 
preferred configuration having the bulkier substituent cis to CO and trans to the methyl 
group. 54  
a b 
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N-phenylmethanamide favoured the cis conformation, with the phenyl group and O at 
opposite sides, much more than other monosubstituted methanamides.55 But following the 
trend seen above, N-phenylethanamide was found to prefer the trans conformation with the  
bulky phenyl group at the opposite side to the methyl group (figure 1.38a).56 The same study 
reported that the preferred orientation of N-methyl-N-phenylethanamide is cis (figure 1.38b), 
but that here the phenyl group rotates to a position perpendicular to the amide plane; the 
resulting loss of conjugation being compensated for by the relief of steric strain between the 
phenyl and the methyl groups. 
 
                                                              
 
 
Figure 1.38   The preferred configurations of N-phenylethanamide (a) and N-methyl-N-
phenylethanamide (b) 
Crystallographic data on N-phenylpropenamide (obtained for this work using a crystal 
prepared by another worker, R. Contou) also showed it to have a trans configuration, and 
computational ab initio studies (chapter 4 of this work, subsection 4.2.2) show the minimum 
energy conformation regarding rotation of the phenyl ring to have the aromatic ring planar to 
the amide group (figure 1.39). This is in accordance with the findings described above. 
 
 
Figure 1.39   The preferred configuration of N-phenylpropenamide 
All the above examples serve to highlight the fact that small structural changes in these 
molecules can have a significant impact on conformation and configuration. 
1.3.2 Restricted rotation of the aromatic ring in aryl amides and 
asymmetric reactions 
The previous section reported on studies regarding mainly cis/trans configuration around the  
C–N partial double bond in amides with only a small comment on the conformation regarding 
aromatic substituents. Aromatic substituents are bulky; when they twist out of the amide 
a b 
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plane the compound may acquire axial chirality and, if the rotational barrier is high enough, 
the compound can be conformationally stable enough for the conformers to be resolved. 
Substituted benzamides and naphthamides of the type shown in figure 1.40 have been shown 
to adopt a conformation where the aromatic ring is almost perpendicular to the amide group; 
again the reason for this is steric.57 
 
 
Figure 1.40   Substituted benzamides and naphthamides with the aromatic substituent perpendicular 
to the amide plane  
Examples of dihedral angles between the aromatic and the amide groups in substituted 
benzamides were calculated by MM2 in a study by Beak et al. in 1993,58  and for o-
substituted secondary benzamides (R1 or R2 = H) the torsion angles are 19 o (for X = H), 89 o 
(for X =CHMe2), 91 
o (for X = CMe3) and 118 
o (for X = SiMe3). For o-substituted tertiary 
benzamides (R1, R2 ≠ H) when X = H the torsion angle is 57 o whereas with all other 
substituents (X = CHMe2, CMe3, SiMe3) the angle is close to 90 
o(91 o, 96 o and 103 o 
respectively). In a study by Ahmed et al. in 1998, the rotational barriers for Ar–CO rotation 
in asymmetrically substituted benzamides and naphthamides were determined.59 As 
mentioned above the aromatic ring in such amides is highly twisted and the arrangement 
asymmetric, hence the amides have axial chirality although rotation about the Ar–CO bond  
in solution causes racemisation (scheme 1.3). 
 
 
 
 
Scheme 1.3   Racemisation of o-substituted N,N-diprop-2-ylbenzamides 
The rotational barrier for a tertiary o-substituted benzamide with R1, R2 = CHMe2 and X = 
CHO (figure 1.40) was determined as 56.3 kJ mol-1(in DMSO at 20 oC) with a half life for 
racemisation of 0.5 ms, whereas a naphthamide with the same substituents has a larger 
barrier, determined as 90.2 kJ mol-1 (in hexane with 5 % EtOH at 20 oC), giving it a half life 
of racemisation as large as 0.2 h. In the same study some general conclusions about the 
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effects of substituents were drawn and, according to these, axially chiral mono-substituted 
tertiary benzamides have a half life of racemisation not exceeding 2 s and hence are not 
atropisomeric, whereas di-substituted tertiary benzamides (X,Y ≠ H, figure 1.41) generally 
are. The relative size of the R2 group and the ortho substituents (X, Y) would be expected to 
affect the C–Ar rotational barrier with bulkier groups increasing it because of steric hindrance 
during rotation. However, surprisingly, when the ortho substituent is bulkier than H, the 
effect of increasing the size of R1 and R2 groups was found to be minimal. It was therefore 
suggested by the authors that the large steric hindrance is avoided by sacrifice of the 
conjugation within the amide so that in the transition state (for Ar–CO rotation) the nitrogen 
has sp3 hybridisation and OC–N also rotates, positioning R1 and R2 away from the rotating 
ortho substituents (figure 1.41). 
 
Figure 1.41   Rotation around the aromatic ring in substituted benzamides  
 
Even where atropisomeric interconversion barriers are high enough for enantiomers to be 
stable, isolating them enantiopure is a challenge. A way of producing atropisomers with good 
enantiomeric excess by inserting ortho substituents to naphthamides was described by a 
number of researchers who found that initial deprotonation by s-BuLi/(-)-sparteine of a non-
atropisomeric naphthamide stabilised one chiral conformation and encouraged asymmetric 
reactions. Thus Thayumanavan et al. in 1996, reported that deprotonation of N,N-
dicyclohexyl-1-naphthamides using s-BuLi and (-)-sparteine followed by alkylation with 
alkyl iodides gave 2-alkyl-1-naphthylamides with an ee of 50 – 55 % when performed at -78 
oC in diethylether. Thus, an atropisomeric mixture gave a product with good ee indicating 
that one of the steps (deprotonation or alkylation) is enantioselective.60 Bowles et al., in 1995, 
used s-BuLi for lithiation of tertiary N,N-diethyl- and N,N-diprop-2-yl-1-naphthamides in 
THF at -78 oC. 61 The rotational barriers of the original amides were calculated as 64 kJ mol-1 
and 75 kJ mol-1 (at room temperature, in DMSO), giving half lives of 0.01 and 2 s for N,N-
diethyl- and N,N-diprop-2-yl-1-naphthamide respectively, so the starting mixture consisted of 
rapidly interconverting isomers. The reaction with s-BuLi followed by aldehyde inserted a 
hydroxyalkyl substitutent with a new stereogenic centre at the ortho position; these products 
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were atropisomeric (slow interconversion) and they were produced with moderate to good 
diastereoselectivity in favour of the aRS diastereomer. The reaction of BuLi with the amide in 
THF gives an aryl-Li-THF complex. Further reaction with aldehyde takes place with the 
aldehyde approaching with the alkyl moiety away from the trans N substituent. This 
preferred orientation is suggested by the authors to be the reason for the stereoselectivity of 
the reaction (scheme 1.4). The percentage of the major atropisomer depended on the nature of 
R1 (Et or prop-2-yl) and of R2 but it was in excess of 70 % when R2 = Me, Et, n-C5H11 and 
prop-2-yl.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 1.4   Insertion of hydroxyalkyl substituent at the ortho position of N-
substituted naphthamides after initial deprotonation by s-BuLi61 
Another well cited stereoselective reaction involving an N-aryl propenamide was described 
by Curran et al. in 1994 (scheme 1.5).62 The conformation here is stabilised by a very bulky 
aromatic N-substituent, the 2,5-di-(1,1-dimethylethyl)phenyl group, which not only increases 
the N–Ar rotational barrier but also obstructs one face of the alkene. The cycloaddition 
reaction gave two atropisomeric amides with diastereomeric ratio > 97 : 3.    
 
 
 
 
Scheme 1.5   Diastereoselective reaction of N-2,5-di(1,1-dimethylethyl)phenylpropenamide 
Major product Minor product 
Minor product 
Major product 
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Kitagawa et al. in 1997, synthesised and resolved the atropisomeric propenamide shown in 
figure 1.42 with enantiomeric excess 97 % ; then transferred the ee into a product with fixed 
chirality, i.e. containing a tetrahedral stereogenic centre, via a Diels-Alder reaction.63 
 
 
Figure 1.42  Enantiomeric excess in an N,N-disubstituted aryl propenamide is transferred to a 
product with fixed chirality.  
 
A particularly interesting example of transfer of chirality from axial to fixed was performed 
by Sakamoto et al. in 2003, (scheme 1.6). 1 The reaction involved nucleophilic attack on the 
carbonyl of the benzoylformyl group by n-BuLi followed by hydrolysis; the cyclohexenyl 
group appeared to be lost, perhaps during aqueous work up. 
 
 
 
 
Scheme 1.6   Reaction of N-cyclohexencarbonyl-N-(5,6,7,8 tetrahydro-1-
naphthalenyl)benzoylformamide with n-BuLi 
The axial chirality of the amide, which had crystallised as enantiopure crystals in a chiral 
space group, (P212121), persisted even on dissolving it in cold solvent, long enough for the 
reaction to proceed asymmetrically. The degree of product ee varied with the temperature and 
nature of the solvent. When THF was used a good enantiomeric excess was produced at 
temperature as high as 20 oC, but interestingly when the reaction was performed at a lower 
temperature (10 oC) ee was poorer. The authors attributed this to ee being dependent both on 
the half life of racemisation, by rotation of the THNP group, and the rate of the reaction. Thus 
at 20 oC the rate of the reaction with n-BuLi was faster than the rate of racemisation whereas 
cooling to 10 oC slowed down the reaction rate much more than the racemisation rate and 
hence the amide racemised before it reacted. For temperatures below 0 oC the rate of 
racemisation was significantly reduced and hence lower temperatures produced higher ee 
again. So, at -20 oC the half life of racemisation was calculated as 7.8 min increasing to  
Major product Minor product Parent amide 
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150.0 min at -40 oC. The type of solvent was also found to have an effect with less polar 
solvents (e.g. toluene) producing smaller ee. This indicates a faster rate of racemisation in 
less polar solvents, a trend which was confirmed by the results published in a later paper by 
Yagishita et al., in 2012, regarding the rate of racemisation of the atropisomeric amide shown 
in figure 1.43.64 This material also yielded enantiopure single crystals and the rate of 
racemisation was determined by monitoring the loss of optical activity on dissolution. The 
half life of 590 s in toluene increased to 900 s in the more polar THF with a further 
significant increase to 36,800 s in methanol, a polar protic solvent. It was suggested that this 
is the result of stabilisation of a zwitterion form of the amide and that protic polar solvents, 
such as methanol, achieve further stabilisation by hydrogen bonding.  
 
 
 
 
 
 
Figure 1.43    Atropisomeric N,N-disubstituted amide synthesised by Yagishita et al.64 
 
The group also reported asymmetric photocyclisation of samples of enantiopure amide in a 
mixture of THF and methanol at -40 oC which gave the major product with up to 74 % ee 
(figure 1.44), again highlighting how axial chirality can persist even in (cold) solution. 
 
 
 
 
 
 
Figure 1.44   Photocylisation of an atropisomeric aR N,N-disubstituted amide leading to products 
with fixed chirality 
 
Clayden, Pink and Yasin, in 1998, synthesised compounds with two amide substituents and 
two stereogenic centres; an example is given in figure 1.45. 65 
Retained axial chirality 
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Figure 1.45  Diamide containing two stereogenic centes   
Introduction of a stereogenic centre was found by the authors to influence the conformation 
of an adjacent tertiary amide group and vice versa. An example used in the published article 
is reproduced in scheme 1.7. The thermodynamic ratio of major to minor product was 97 : 3. 
 
 
 
 
 
Scheme 1.7   Stereogenic centre controls the conformation of an adjacent amide group. (The 
scheme is reproduced from an article by Clayden et al.)65 
Another example is shown in scheme 1.8; the atroposelectivity in the depicted reaction was 
85 : 15. 
 
 
 
 
Scheme 1.8   Amide controls the configuration of an adjacent stereogenic centre  
So, a tertiary amide is influenced by and also influences the configuration of an adjacent 
stereogenic centre. In the diamide shown in figure 1.45, two conformationally interlocked 
amide groups influence the configuration of two stereogenic centres which are para to each 
other; hence a relay system is produced - a sort of “mechanised molecular telegraphy system” 
(a term used by the authors). 
Major  Minor  
R = SnBu3 
Major  Minor 
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The compounds of this work have the potential for a similar process where conformation 
interlocking with a system of cross-conjugation influences the electronic density in the 
molecule and hence its reactivity.  
1.3.3 Reactivity of substituted aryl propenamides 
Substituted aryl propenamides are likely to be twisted when the substituents are bulky e.g. 
when the aryl substituents are substituted phenyl or naphthyl rings (figure 1.46), as seen in 
the previous section, thus displaying axial chirality. 
         
Figure 1.46   Substituted aryl propenamides; general formula and example of a twisted  
aryl propenamide1  
The amides studied in this work (R4 = H, Ar = 2,6-dimethylphenyl; 5,6,7,8-tetrahydro-1-
naphthalenyl) are cross-conjugated systems (figure 1.3) and the electron density distribution 
in the molecule depends on the combination of a number of stereo-electronic factors.  
If the aryl group is planar delocalisation of the nitrogen lone pair towards the aromatic ring is 
likely to decrease its conjugation within the amide group, whereas when it is twisted, the 
conjugation in the amide group is likely to be strengthened. This, in turn, might decrease the 
degree of delocalisation of the electrons in C=C towards the carbonyl group and hence 
increase the C=C bond order. In the imides, where R4 = PhCO, the conjugation is extended 
even further with twisting of the new phenyl group becoming an added factor influencing the 
extended system of cross conjugation. So the amides studied in this work have a system of 
communication between the aryl, amide and C=C groups in a way that resembles Clayden’s 
relay system and it is further extended in the imides with the addition of the benzoyl group.  
The substituents of the alkene group (in this study: H, Me, Cl, CN, Ph) are also likely to 
increase or decrease the electron density of the C=C bond through inductive and mesomeric 
effects. 
The study of reactivity of the amides and imides of this work will be assessed based on 
bromination, a reaction that has two potential sites of attack: the aromatic group (electrophilic 
substitution) and the C=C group (electrophilic addition). Although not a specific objective 
there is a possibility that an atropisomer will be produced by these reactions. The addition of 
bromine to the double bond creates a stereogenic centre and stereoselectivity is possible since 
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one of the faces might be hindered by the bulky aromatic group. On the other hand, 
bromination is not the simple straightforward reaction that textbooks might suggest and 
research is still ongoing. For example, as will be explained in the next section, a new major 
challenge in enantioselective bromination of alkenes is the racemisation of the transition 
state.66, 67 Recent work on enantioselective halo-functionalisation of olefins is reported in a 
special issue of Chirality (2014), in particular the development of novel catalysts to improve 
retainment of enantiospecificity of the transition state.68,69  
Electrophilic substitution can also produce atropisomeric compounds when bromination 
increases the bulkiness of the aromatic ring enough to sufficiently slow the rotation of the 
aromatic substituent. A recent example is the synthesis of atropisomeric tribromobenzamides 
with good enantiomeric excess using the catalyst shown in figure 1.47, reported by Barrett 
and Miller, in 2013.70  
 
 
 
 
 
 
Figure 1.47   Catalyst used by Barrett and Miller for enantioselective bromination of benzamides 70 
So, for example use of this catalyst in the reaction shown below (scheme 1.9) gave a product 
with enantiomeric ratio 90 : 10. 
 
Scheme 1.9 Enantioselective bromination using the catalyst shown in figure 1.47  
 
1.3.4  Bromination by Electrophilic Addition to a Double Bond 
Bromination of alkenes has long been taken as proceeding by bimolecular electrophilic 
addition (AdE2). The first step of this mechanism involves the formation of a bromonium ion 
as first mentioned in a seminal work by Roberts and Kimball (scheme 1.10).71,72 
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Scheme 1.10   Formation of a bromonium intermediate  
As expounded in the standard texts, the initial process is the formation of a π adduct by 
donation of electrons from the HOMO π orbital of the C=C to the LUMO σ* orbital of the 
bromine. This is followed by slow formation of a σ complex by cleavage of the three centred 
and Br–Br bonds and subsequent formation of σ bonds by interaction of the rather diffuse 
electron pairs of the bromine atom with the developing carbenium centre (scheme 1.11).73, 74 
 
 
Scheme 1.11  Orbital interaction for the formation of the bromonium ion  
When the substituents of the cyclic bromonium intermediate are H, the positive charge is 
spread between the bromine and equally between the carbon atoms. Alkyl substituents to a 
carbon atom stabilise the charge on that atom through a positive inductive effect, hence 
highly alkyl substituted bromonium ions are particularly stable. The greater stabilisation of 
bromonium ions by larger and/or branched alkyls has been shown by measuring heats of 
formation.  For example, Olah and Hockswender, in 1974, measured the heats of formation of 
five methyl substituted bromonium ions and found the range of values from a simple to a 
more substituted ion shown in table 1.3.74 
Table 1.3   Heats of formation of bromonium ions74 
Bromonium ion Heat of formation 
 +1.0 kcal mol
-1 
 -22.9 kcal mol
-1 
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The existence of bromonium ions was proved beyond doubt when highly substituted 
adamantylidene adamantine bromonium ions were isolated by Strating et al. in 1969.75 More 
recently (2004) the synthesis and characterisation of the stable bromonium ion of 4-equ-
chloroadamantylideneadamantane has been reported by Lenoir et al.76 
Yamabe et al., in 1988 calculated the geometry of the transition state of the bromination of 
ethene using ab initio M.O. calculations at the RHF/3-21G level, (figure 1.48).77 
  
 
Figure 1.48   The RHF/3-21G transition state geometry for the bromonium ion formed by 
bromination of ethene. The red numbers show the atomic charges and the black numbers show the 
bond lengths in Å.77 
It shows the equal distribution of charge on the carbon atoms as well as the large Brδ+---Brδ- 
distance.  
The second step of the bromination reaction is a bimolecular nucleophilic attack (SN2) on the 
sterically stressed bromonium ion. The face favoured is the C-C one, leading to anti-addition 
(scheme 1.12). 71, 72, 73  
 
 
 
 
 
 
Scheme 1.12   SN2 attack on the bromonium ion 
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Nucleophilic attack takes place preferentially on the most positive centre and hence the 
regioselectivity of this second step is influenced by the distribution of charge on the carbon 
atoms. When one carbon atom is alkyl substituted more than the other, the homogeneity of 
the distribution of charge is affected as the more substituted carbon atom is more able to 
stabilise a positive charge. The degree of covalency of the two C–Br bonds is then not the 
same with the bond of the more substituted carbon atom being more ionic than the other 
(figure 1.49). 
 
Figure 1.49   Asymmetric alkyl substituents distort the bromonium ion  
Where the charge stabilization on one of the carbon atoms is very strong, the increased 
localization can lead to formation of a carbocation rather than a cyclic bromonium ion. Such 
is the case, for example, when the substituents are aryl and there is strong stabilization 
through resonance (figure 1.50). 
 
 
 
 
Figure 1.50   The stabilization of the positive charge on the α-carbon by an aryl group through 
resonance 
Formation of a cyclic bromonium ion inhibits rotation around the newly formed C–C bond 
and also sterically hinders one of the faces, thus leading exclusively to anti addition, but the 
reaction is not regioselective, i.e. both carbon atoms are open to nucleophilic attack.              
A distorted bromonium ion increases the regioselectivity which becomes highest when the 
transition state is a fully formed carbocation. In the latter case, although highly regioselective, 
the nucleophilic attack is not stereoselective as rotation around the C–C bond is free unless 
sterically hindered by bulky substituents and hence apparent syn addition is also possible.  
However the stereochemical certainty of bromination can be questioned even in the case 
where a bromonium ion rather than a carbocation is formed. In 1991 Bennet et al. reported 
NMR evidence of a transfer from an adamantylideneadamantane bromonium ion to 
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adamantylideneadamantane or to other acceptor alkenes (scheme 1.13).66 The authors also 
reported that the rate of transfer was kinetically competitive with the nucleophilic attack on 
the bromonium ion intermediate hence potential enantioselective bromination could be 
compromised. 
 
Scheme 1.13   Br+ transfer between bromonium ion and alkene  
Denmark et al. reported that in a series of acetolysis experiments, using the tosylate shown in 
scheme 1.14 in the highly polar hexafluoroisopropanol solvent (HFIP) in the presence of (E)-
4-octene, enantiospecificity (es) varied with the concentration of (E)-4-octene and also with 
the identity of the cation of the acetate used (table 1.4).67 
 
Scheme 1.14   Acetolysis of a chiral tolylate  
Table 1.4 Enantiospecificity of the acetolysis of a chiral tosylate  
M Equivalents of 
(E)-4-octene 
es 
(%) 
Na 0.0 100 
Na 1.0 28 
n-Bu4N 1.0 81 
Increasing the concentration of (E)-4-octene increases the rate of Br-transfer and hence 
reduces the enantiospecificity of the reaction. The less co-ordinating (of the acetate) cation 
(n-Bu4N) increases the rate of nuclophilic attack by the acetate ion thus increasing 
enantiospecificity. 
The regioselectivity of the bromination reaction has also been experimentally assessed by 
reactions where the nucleophile is a species other than bromide ion e.g. when bromination 
occurs in a nucleophilic solvent such as methanol. The large excess of solvent molecules 
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leads to a proportion of the product being a bromo/methoxy rather than a di-bromo 
compound. The position of the methoxy group is indicative of the site (regioselectivity) of 
nucleophilic attack (scheme 1.15). The relative amount of bromo/methoxy to di-bromo 
product is indicative of chemoselectivity of the intermediate towards bromide or methanol. 
 
Scheme 1.15   Nucleophilic attack by MeOH on a bromonium ion  
Dubois and Chrétien, in 1978, studied the effect of methyl substitution on the regioselectivity 
and chemoselectivity of bromination of substituted ethenes in methanol and proposed that it 
is related to the hardness of the carbenium ion electrophile and of the nucleophile.78 
Pearson’s order of hardness of carbenium ions shows it to increase with increased number of 
methyl groups and/or increased branching.79 It also shows MeOH to be a harder base than  
Br-, preferentially attacking harder electrophiles. Thus an increase in the hardness of the 
electrophile was found to favour the bromo/methoxy product, and the nucleophilic attack by 
methanol was favoured at the harder carbenium centre. 
The nature of the solvent also influences the rate of bromination. Ab initio calculations 
showed that the expected rate constant for bromination in the gaseous phase, based on the 
model of bromonium ion suggested by Yamabe et al. was as low as 10-32 mol-1 dm3 s-1; 77, 80 
the published value for the rate constant of bromination of ethene in water is 4 x 105 mol-1 
dm3 s-1.81  Ruasse et al. pointed out that polar solvents, such as water, solvate the negatively 
charged bromide species and assist the separation of charges in the development of the 
bromide ion;80 thus polar solvents increase the rate of reaction.  Nucleophilic interaction by 
solvents stabilising the bromonium ion was also found, but resulted in very small increase in 
the rate constant and even this was annulled by crowded substituents to the bromonium ion or 
when its positive charge is delocalised by conjugated electron donating groups.  
Protic polar solvents are even more effective in bromination by forming hydrogen bonds 
(figure 1.51). Garnier et al., in 1971, determined the rate constant of bromination of pent-1-
ene in methanol at 25 oC, (kMeOH = 0.39 ± 0.04 x 10
3 mol-1 dm3 s-1) and in MeOD (kMeOD = 
0.28 ± 0.02 x 103 mol-1 dm3 s-) giving kMeOH/kMeOD = 1.40 ± 0.20.
82 The faster bromination in 
MeOH compared to MeOD is a result of hydrogen bonding between the H of the solvent and 
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the negatively charged bromide ion. Modro et al., in 1979, determined this ratio for a variety 
of solvents (MeOH/MeOD, CH3COOH/CH3COOD and HCOOH/HCOOD) and for a variety 
of alkenes and alkynes and found a nearly constant value of kH/kD = 1.23 ± 0.02.
83  
 
 
 
 
 
Figure 1.51   Polar solvents solvate the negatively charged species by hydrogen bonding  
 
1.3.5  Bromination by Electrophilic Aromatic Substitution 
Aromatic rings can be brominated by electrophilic substitution (SEAr). The classic textbook 
mechanism consists of two steps; the first step is an attack of the π electrons of the aromatic 
ring on a positive bromine species (scheme 1.16).  
 
 
Scheme 1.16   The first step of aromatic bromination – the formation of an arenium ion (Wheland 
intermediate)  
Originally a π complex is formed in a reversible process followed by slow transformation of 
the complex into an ion by formation of a σ orbital. The latter process is slow and constitutes 
the rate determining step of the reaction. The intermediate arenium ion (also called the 
‘Wheland intermediate’) is resonance stabilised.84 The bromobenzonium ion has been 
prepared and the positive charges in positions 2, 4 and 6 confirmed by observation of the 13C 
and 1H-NMR shifts as these peaks are more deshielded due to the partial positive charge.85, 86 
The second step in the mechanism is the removal of a proton and the re-forming of the 
aromatic ring (scheme 1.17). 
 
Scheme 1.17   The second step of aromatic bromination; formation of a bromo substituted aromatic 
compound  
 δ-  δ+ 
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A catalyst is often used and early work by Price and Arntzen, in1938, studied the catalytic 
function of iodine in bromination and found it to act both by assisting the development of the 
electrophile (Br+) and also the removal of the leaving group (H+).87  
Lewis acids (such as LiCl3 and FeBr3) are also often used as catalysts, as are pyridine and 
other similar bases (scheme 1.18).88 
 
 
 
Scheme 1.18   The use of a Lewis acid and of pyridine as catalysts  
Substituents to the aromatic ring affect the distribution of charges through induction, 
hyperconjugation and/or resonance. Methyl and generally alkyl groups donate electrons 
through induction and hyperconjugation. The inductive effect fades with distance, hence it is 
only significant in the α carbon atom. So, when an arenium ion has bromine o or p to the 
alkyl group the positive charge is stabilised by the alkyl group’s inductive effect (figure 
1.52). 
 
 
Figure 1.52   The methyl derivatives (b and d) have smaller positive charge on the o (b) and p (d) 
carbon atom than the unsubstituted benzenes (a and c) because of the positive inductive effect of 
the methyl group  
The alkyl substituents therefore favour bromination in the o and p positions (are o and p 
directing) and since they stabilize the arenium ion they are activating (i.e. increase the rate of 
bromination). The NHCOR substituent does the same by resonance (figure 1.53) and 
although it is electron withdrawing by induction, overall it is activating and o and p directing. 
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Figure 1.53   -NHCOR stabilises the arenium ion by resonance 
Although the effect is milder than it would have been if it had not been in competition with 
the inductive effect, NHCOR is considered a more activating substituent than methyl. So, in 
bromination of disubstituted benzenes the favoured positions are the ones which are o or p to 
the NHCOR rather than to the methyl or alkyl group.89  
1.4 Synthesis of Amides and Imides 
 
1.4.1 General methods 
Amides (and imides) are the target compounds of this thesis and synthesis of amides has been 
traditionally achieved mainly by N-acylation of primary or secondary amines. A general 
mechanism of the reaction is shown below (scheme 1.19) 
 
 
Scheme 1.19   N-acylation of amines  
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The mechanism is nucleophilic substitution, involves a polar intermediate and requires a base 
to remove a proton. The reaction benefits from strong nucleophiles, good leaving groups and 
polar solvents. 
Primary and secondary amines are stronger nucleophiles when R2 and R3 are electron 
donating groups and much weaker nucleophiles when R2 and R3 are electron withdrawing, 
especially electron withdrawing by resonance. Thus aryl amines are more difficult to acylate 
than aliphatic ones, and even more difficult are amides, where the lone pair of nitrogen is 
strongly delocalised towards the oxygen of the carbonyl group.  
The strength of X as leaving group depends on the stability of its anion (X-). It is proportional 
to the strength of the acid HX and not to the electronegativity of X, hence for example acyl 
fluorides are not as effective acylating agents as acyl chlorides and acyl iodides are better 
than chlorides. However, acylations are often performed using acyl chlorides and acyl 
bromides because they are generally inexpensive reagents and also easy to synthesise.  
The reactivity of other types of acylating agents, by consideration of the strength of the  
relevant acids can be summarised as: RCOR < RCONR2 < RCOOR < (RCO)2O < RCOHal < 
RCOBF4.
90
  It is worth noting here that acylation with acyltetrafluoroborates involves a stable 
acylium ion intermediate  (RCO+) rather than the tetrahedral intermediate shown above.91  
Carboxylic acids give acid base reactions with amines as shown in figure 1.55, although the 
amide can then be produced by heating the ammonium salt. 92, 93, 94, 95 
 
 
 
Scheme 1.20   Reaction of carboxylic acid with amine  
Heating in the presence of a base (e.g. hexamethyldisilazide) improves the yield.96 A 
traditional way to synthesise amides from carboxylic acids and amines has been by using a 
coupling agent to activate the amine or the acid. Amines are activated by phosphoryl halides 
to produce phosphoramides which readily react with carboxylic acids (scheme 1.21).97 
 
 
Scheme 1.21   Reaction of amine and carboxylic acid after activation of the amine  
Activation of the acid can be achieved using dialkylcarbodiimides (R-N=C=N-R) e.g. 
diisopropylcarbodiimide or dicyclohexylcarbodiimide (DCC) (scheme 1.22); 98 this is a 
traditional method used to join (suitably protected) aminoacids in peptide synthesis. 
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Catalysts have been also used to activate the carboxylic acid, common ones being tris-
dialkylaminoboranes;99 the use of boronic acid as a catalyst was revived in 1996 by Ishihara 
et al.100  
Effective synthesis of amides has been the topic of much research, with a number of new 
methods proposed recently in an effort to maximise atom economy and yield; a very good 
summary of recent research has been published by Pattabiraman and Bode.101  
1.4.2 Synthesis of amides by N-acylation using acyl halides 
Acyl halides are frequently used acylating agents, especially acyl chlorides which are easily 
available and, if not, relatively easy to synthesise. As mentioned above halide ions are good 
leaving groups, as shown by the strength of the respective acids; in particular I > Br > Cl > F.  
Scheme 1.22   Reaction of amine and carboxylic acid by activation of the acid  
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The reactivity of the acyl halides is decreased by electron donating substituents, especially 
electron donating by resonance. Thus, CH3COCl > CH2=CHCOCl > PhCOCl; in the latter 
two (propenoyl and benzoyl chloride) the positive change of CO is delocalised by resonance 
(figure 1.54). 
 
 
Figure 1.54   Resonance in propenoyl chloride  
As mentioned in the previous section acylation of amines requires the presence of a base. In 
some cases the amine to be acylated acts as base also and two molar equivalents are used in 
the synthesis, one of which appears in the products as the ammonium salt.102 The Schotten – 
Baumann synthesis (first described in 1883) uses a 2-phase system of an aqueous solution of 
sodium hydroxide and a solution of amine and acyl chloride in dichloromethane; a 
disadvantage here is the possible partial hydrolysis of the acyl chloride and/or of the amide 
produced. A host of tertiary amines have also been used as bases including Et3N, i-Pr2EtN 
(di-prop-2-ylethylamine or Hunig’s base), N-methylmorpholine, pyridine and DMAP (4-
dimethylaminopyridine). 103 These tertiary amines act as nucleophilic catalysts, activating the 
acyl chloride as shown in scheme 1.23 for the reaction of 3-methyl-2-butenoyl chloride and 
trimethylamine.104 
 
 
 
 
Scheme 1.23   3-Methyl-2-butenoic chloride and trimethylamine  
With acyl chlorides that have an α-hydrogen atom, formation of a ketene has been observed 
as a side reaction; this still leads to the desired product, but with loss of any α-C chirality 
(scheme 1.24).101, 102  
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Scheme 1.24   Racemisation by formation of ketene 
Given the problems described above, of hydrolysis of the acyl chloride or of the amide 
produced when aqueous inorganic bases are used, and of ketene leading to racemisation with 
organic bases, Zhang et al., in 2009, reported the use of anhydrous inorganic bases (e.g. 
K3PO4) as an efficient method for acylation of amines using acyl chlorides.
105 Another 
anhydrous inorganic base (K2CO3) was used for acylation of anilines with acyl chloride and 
good yields were observed when phase transfer catalysts were used such as tetra-N-
butylammonium bromide (TBAB) and  benzyltriethylammonium chloride ( TEBAC).106 
Finally, activation of amines by di-(2-methylpropyl)aluminium hydride (diisobutylaluminium 
hydride – DIBALH) has recently been reported as improving the efficiency of acylation with 
a yield as high as 99 %.107 
1.4.3 Synthesis of imides 
The preparation of imides by acylation of amides poses a synthetic challenge because of the 
delocalisation of the nitrogen lone pair towards the carbonyl oxygen. Carboxylic acids and 
acid derivatives such as acyl halides, anhydrides and esters have been used as acylating 
agents;108 however, this report will concentrate on the use of acyl chlorides, which are the 
most reactive acid derivatives, and which were also the ones used here for this type of 
syntheses.  
Studies of tertiary amides provided evidence that acylation takes place at the O rather than 
the N atom;109 it was also found that the presence of a base increases the yield and the rate of 
the reaction, with the most commonly used base being pyridine,110 which acts as a 
nucleophilic catalyst (scheme 1.25) and as a base. 
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Scheme 1.25   Nucleophilic action of pyridine  
The mechanism of the formation of imides by acylation of amides with pyridine activated 
acyl chlorides is shown below (scheme 1.26). 
 
Scheme 1.26   Acylation of amides by activated acyl chlorides 
The first step in this reaction is the nucleophilic attack of the oxygen of the amide carbonyl 
group on the activated acid chloride. Evidence for O rather than N acylation was provided by 
Hall (1956) from the study of acylation of dimethylformamide.109 Hall observed that 
acylation with benzoyl bromide resulted in a salt that gave benzoic acid when decomposed, 
rather than methanoic acid, as it would be the case if acylation was on the nitrogen. In 
addition when the salt decomposed with phenylamine the product was N-phenylbenzamide 
and not N-phenylformamide.  Resonance in the product (compound a) increases the 
nucleophilicity of N which is able to attack the carbon atom of C=O resulting an 
intramolecular rearrangement which gives the final imide product (b). 
a 
b 
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Although the compounds of this work are secondary amides it is interesting to note here that 
primary amides can also undergo scission and give nitriles, especially in uncatalysed 
reactions. The mechanism for the reaction of benzamide with ethanoyl chloride is shown in 
scheme 1.27. 
 
 
Scheme 1.27   Formation of benzonitrile by the reaction of benzamide with ethanoyl chloride  
The O-acylation of benzamide leads to the imidinium salt by the mechanism described 
previously (scheme 1.26). Proton transfer, instead of intramolecular nucleophilic attack by 
the nitrogen atom on the carbonyl group, occurs and leads to scission and formation of a 
nitrile and a carboxylic acid. The substituents to the imidinium salt can aid or hinder 
formation of the nitrile. In the example used above, the phenyl group stabilises the positive 
charge of the nitrogen atom by induction and resonance and also the methyl group facilitates 
proton transfer by its positive induction effect. If instead of benzamide the reaction was with 
ethanamide then the production of imide rather than nitrile and acid would be favoured.111  
 
1.5 Overview 
1.5.1 Aims 
The aim of this work is to study the synthesis, conformation and reactivity of twisted, highly 
conjugated amides where the electronic distribution within the molecule is sensitive to 
conformation and where communication between two remote groups is established via a 
cross-conjugated system, and to rationalise the reactivity of these compounds by reference to 
their conformation as indicated by X-ray crystallography, ab initio studies and NMR. 
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1.5.2   Objectives 
1. Synthesis and full characterisation of the N-THNP and N-2,6-diMePh amides shown 
in figures 1.55 and 1.56. 
 
R1 R2 R3  
H H H 
Me H H 
Cl H H 
Cl Cl Cl 
CN H Ph 
cyclohex-1-enyl  
 
 
Figure 1.55    Simple and substituted N-(5,6,7,8-tetrahydro-1-naphthalenyl)propenamides (THNP 
amides) 
 
R1 R2 R3  
H H H 
Me H H 
Cl H H 
Cl Cl Cl 
cyclohex-1-enyl  
 
Figure 1.56    Simple and substituted N-(2,6-diMePh)propenamides (2,6-diMePh amides) 
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2. Synthesis and full characterisation of the N-THNP and N-2,6-diMePh imides shown 
in figures 1.57 and 1.58. 
 
R1 R2 R3 
H H H  
Me H H 
Cl Cl Cl 
CN Ph H 
cyclohex-1-enyl 
 
 
Figure 1.57   Simple and substituted N-benzoyl-N-(5,6,7,8-tetrahydro-1-naphthalenyl)propenamides 
 
R1 R2 R3  
H H H 
Me H H 
Cl Cl Cl 
cyclohex-1-enyl  
 
 
Figure 1.58   Simple and substituted N-benzoyl-N-(2,6-dimethylphenyl)propenamides (2,6-diMePh-
imides) 
 
3. Determination of crystallographic structures of the amides and imides shown in 
figures 1.55 – 1.58, to inform assessment of the extent of conjugation and its effect on 
reactivity for each of the four sets of compounds (THNP amides, 2,6-diMePh amides, 
THNP imides, 2,6-diMePh imides). 
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4. Computational estimation of minimum energy conformations and rotational barriers 
for rotation around the N-Ar bond of a selection of the amides and imides, to assess 
possible trends for conformations of amides and imides in solution. 
 
5. Identification of products of bromination in CDCl3 and in MeOH for a selection of the 
amides and imides. 
 
6. Determination of reactivity for a selection of the amides and imides towards 
bromination by measuring the kinetics of the reaction. 
 
7. Rationalisation of the reactivity trends towards bromination by reference to the 
conformations indicated by X-ray crystallography and computational studies. 
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CHAPTER TWO 
2. SYNTHESIS OF AMIDES AND IMIDES 
2.1   Introduction 
This chapter discusses the synthesis of the amides and imides shown in figures 2.1 – 2.4.  
 
Abbreviation R
1
 R
2
 R
3
 
 
THNP-H-am H H H 
THNP-Me-am Me H H 
THNP-Cl-am Cl H H 
THNP-2,3,3Cl-am Cl Cl Cl 
THNP-2CN-3Ph-am CN H Ph 
THNP-cHex-am cyclohex-1-enyl 
 
 
Figure 2.1    Simple and substituted N-(5,6,7,8-tetrahydro-1-naphthalenyl)propenamides (THNP amides) 
 
Abbreviation R
1
 R
2
 R
3
 
 
2,6-diMePh-H-am H H H 
2,6-diMePh-Me-am Me H H 
2,6-diMePh-Cl-am Cl H H 
2,6-diMePh-2,3,3Cl-am Cl Cl Cl 
2,6-diMePh-cHex-am cyclohex-1-enyl 
 
 
Figure 2.2    Simple and substituted N-(2,6-dimethylphenyl)propenamides (2,6-diMePh amides) 
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Abbreviation R
1
 R
2
 R
3
 
 
THNP-H-im H H H 
THNP-Me-im Me H H 
THNP-2,3,3Cl-im Cl Cl Cl 
THNP-2CN-3Ph-im CN Ph H 
THNP-cHex-im cyclohex-1-enyl 
 
 
Figure 2.3   Simple and substituted N-benzoyl-N-(5,6,7,8-tetrahydro-1-naphthalenyl)propenamides (THNP imides) 
 
Abbreviation R
1
 R
2
 R
3
 
 
2,6-diMePh-H-im H H H 
2,6-diMePh-Me-im Me H H 
2,6-diMePh-2,2,2Cl-im Cl Cl Cl 
2,6-diMePh-cHex-im cyclohex-1-enyl 
 
   
 
Figure.2.4   Simple and substituted N-benzoyl-N-(2,6-dimethylphenyl)propenamides (2,6-diMePh imides) 
 
From the above twenty compounds, fourteen are unequivocally novel and of the remaining six, four 
(THNP-H-am, THNP-Me-am, 2,6-diMePh-2,3,3Cl-am and THNP-cHex-am) have CAS numbers 
but no experimental properties are recorded in literature, and indeed for the first three no references 
at all are found in SciFinder
®
; hence, they can also be considered novel. For the remaining two (2,6-
diMePh-H-am and 2,6-diMePh-Me-am) some experimental data is published, but this work adds to 
the existing data by reporting their NMR spectra (
1
H and 
13
C, with full allocation of peaks) and 
crystallographic data. 
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2.1.1   General Method and Mechanism 
2.1.1.1  Synthesis by acylation of amine/amide with acyl chloride 
The route chosen for both amide and imide preparation was by acylation of aryl amines (amides) by 
the relevant acyl chloride in the presence of triethylamine (Et3N) in tetrahydrofuran (THF), (scheme 
2.1).
 1
 
 
Scheme 2.1   General method followed for the synthesis of most amides and imides in this work 
The nitrogen atom in Et3N is bonded to three ethyl groups whose positive inductive effect 
aids the localisation of the nitrogen lone pair of electrons. In 5,6,7,8-tetrahydro-1-
naphthalenylamine (THNP-NH2) and 2,6-dimethylphenylamine (2,6-diMePh-NH2) – the 
specific ArNH2 compounds used in the amide preparation –  the lone electron pair of nitrogen 
is delocalised into the aromatic ring. Hence, Et3N is a much better nucleophile and a stronger 
base as shown by the relevant pKa values (table 2.1). 
Table 2.1   pKa values of conjugate acids of the bases in water 
a
 
 Et3N 2,3-diMePh-NH2
 
2,6-diMePh-NH2 
pKa 12.5
2
 4.70, 4.78
3
 3.94
4
 
    
a 
The value of 5,6,7,8-tetrahydro-1-naphthalenylamine could not be obtained, but because of its similarity with 
2,3-dimethylphenylamine and 2,6-dimethylphenylamine it is expected to be in the same range.  
 
In the acylation of the amines, Et3N acts as a nucleophilic catalyst, i.e. it activates the acyl 
chloride by nucleophilic attack, substituting the Cl with a better leaving group (Et3N
+
-); the 
mechanism is shown below (scheme 2.2). 
 
56 
 
 
Scheme 2.2   The mechanism of the acylation of amine 
The acylation of amides by benzoyl chloride to produce imides begins in a similar way by 
nucleophilic attack on the benzoyl chloride by triethylamine (scheme 2.3). Because of 
delocalisation by resonance of the positive charge of the CO of the benzoyl group into the 
aromatic ring, benzoyl chloride is less reactive than the aliphatic chlorides used previously 
for the synthesis of the starting amides, so this part of the reaction was less vigorous and less 
exothermic. 
 
Scheme 2.3   Nucleophilic attack of triethylamine to benzoyl chloride 
 
The next step of the mechanism is also different as delocalisation of the amide nitrogen lone 
pair towards the oxygen (figure 2.5) makes it a much weaker nucleophile than amine. 
 
Figure 2.5   Resonance forms of amide 
 
In aryl amides such as the amides in this work (Ar = 2,6-diMePh/THNP) there is the 
possibility of additional delocalisation of the nitrogen lone electron pair towards the 
aromatic ring (figure 2.6). 
57 
 
 
 
Figure 2.6   Nitrogen lone pair delocalisation in aryl amides 
Acylation of amides is therefore much less vigorous and reported to take place preferentially 
at the O rather than the N atom.
5
 The imide is then formed by an intramolecular 
rearrangement (scheme 2.4). 
 
Scheme 2.4   The mechanism of the acylation of amides 
2.1.1.2    Preparation of acyl chloride from the relevant acid 
Where the acyl chloride is not available, the relevant acid requires chlorination. Although 
thionyl chloride is the commonly preferred chlorinating agent for aliphatic acids,
6
  here 
phosphorus pentachloride was used as it gave a cleaner reaction and also at room 
temperature. The mechanism is shown below (scheme 2.5).
7
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Scheme 2.5   The mechanism of chlorination of carboxylic acids by PCl5 
 
2.2   Results and Discussion 
2.2.1   Simple and substituted N-(5,6,7,8-tetrahydro-1-naphthalenyl) 
propenamides (THNP amides)  
 
2.2.1.1  Synthesis of  N-(5,6,7,8-tetrahydro-1-naphthalenyl)propenamide  (THNP-H-am) 
 
Scheme 2.6   Synthesis of THNP-H-am 
The amide was prepared by acylation of THNP-NH2 by propenoyl chloride, in the presence 
of Et3N, in dry THF. The procedure was a standard one used for most propenamides in this 
work although for THNP-H-am the reaction was carried out at room temperature whereas for 
most the temperature was kept at 40 
o
C. Being the prototype, some effort was expended in 
optimising the yield. The yield of crude amide in various preparations of THNP-H-am ranged 
between 86 – 99 %, but the yield of the pure amide varied significantly with the method of 
purification. The best yield was obtained when purification was performed by washing the 
dissolved impure product (HCl, Na2CO3(aq), H2O; 68 %),  by column chromatography 
(typically SiO2; dichloromethane (DCM) / ethyl acetate (EtOAc) / hexane; 58 %) and by 
recrystallisation (DCM / hexane; 48%). The molar proportion of amine, propenoyl chloride 
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and base was 1 : 1 for most experiments; doubling the amount of base gave a much slower 
reaction. Unpublished synthesis of this amide was also reported by previous workers in this 
group, Crawley 
8 
and Koch, 
9
 under slightly different conditions i.e. using sodium carbonate 
as a catalyst and dry acetone as solvent, and they reported yields of 39 % and 42 %, 
respectively; in this work, synthesis using the method suggested by these workers gave a  
46 % yield.  
Characterisation was by NMR spectroscopy, High Resolution Mass Spectroscopy (HRMS) 
and combustion microanalysis. To aid in conformational analysis and in bromination product 
studies (described in chapter 5), it was important to assign all NMR peaks, so a range of 1D 
and 2D NMR experiments were used for all compounds in this work for accurate allocation; 
in particular, 
1
H NMR, 
13
C NMR, DEPT, HSQC, HMBC and in some cases COSY spectra 
were obtained. The NMR spectra for THNP-H-am are shown in figures 2.7 – 2.12. 
  
60 
 
 
  Figure 2.8     COSY spectrum of N-(5,6,7,8-tetrahydro-1-naphthalenyl)propenamide in CDCl3 
Figure 2.7   
1
H NMR spectrum of N-(5,6,7,8-tetrahydro-1-naphthalenyl)propenamide in CDCl3 
bs d 
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Figure 2.9   
13
C NMR spectrum of N-(5,6,7,8-tetrahydro-1-naphthalenyl)propenamide in CDCl3 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
    Figure 2.10   DEPT spectrum of N-(5,6,7,8-tetrahydro-1-naphthalenyl)propenamide in CDCl3  
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Figure 2.11   HSQC-DEPT spectrum of N-(5,6,7,8-tetrahydro-1-naphthalenyl)propenamide in CDCl3 
 
Figure 2.12   HMBC spectrum of N-(5,6,7,8-tetrahydro-1-naphthalenyl)propenamide in CDCl3 
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To begin, the broad peak at 7.66 ppm with integration 1H was allocated to the NH group; its 
shift is typical of an amide NH and it correlates to no C signal in the HSQC. In the aromatic 
region of 
1
H NMR spectrum there are peaks at δ/ppm 7.50 (d, 1H), 7.04 (t, 1H) and 6.89 (d, 
1H). The triplet at 7.04 ppm was allocated to H3‟ because of its multiplicity, and it was 
correlated by HSQC to the 
13
C peak at 125.6 ppm. The two doublets, at 7.50 and 6.89 ppm, 
were correlated by HSQC to the 
13
C peaks at 121.4 and 126.6 ppm, respectively, but HMBC 
showed that the peak at 6.89 pm is linked to a cyclohexanyl CH2 group and in particular to 
the 
13 
C peak at 29.8 ppm.  The aromatic H that is most likely to be linked by HMBC to such 
a group is H4‟(3 bonds) and therefore the peak at 6.89 ppm was allocated to H4‟, and the 13C 
peak at 29.8 ppm to the carbon atom at 3 bonds distance from this H, i.e. C5‟. In addition, the 
NH 
1
H NMR peak at 7.66 ppm (bs) is correlated by HMBC to the 
13
C peak at 121.4, which 
was therefore allocated to C2‟, assigning the 7.50 ppm peak (to which it was correlated by 
HSQC) to H2‟. Furthermore, the coupling pattern for the three 1H signals in the COSY was 
consistent with this assignment. The allocation of the aromatic peaks is summarised below, 
(table 2.2). 
Table 2.2   Allocation of the aromatic peaks of N-(5,6,7,8-tetrahydro-1-naphthalenyl)propenamide 
 1H 
 δ/ppm 
13
C δ/ppm 
H2‟ / C2‟ 7.50 121.4 
H3‟ / C3‟ 7.04 125.6 
H4‟ / C4‟ 6.89 126.6 
 
At this point it is worth considering how typical the shifts are. Typical values can be 
calculated using the empirically based increments found in spectroscopy textbooks. The 
predicted values for H2‟, H3‟, H4‟, C2‟, C3‟ and C4‟ are 7.05, 6.86, 6.67, 108.9, 125.9 and 
119.5 ppm, respectively.
10
 Most of these values are relatively close to the experimental ones 
with the exception of H2‟ and C2‟, which appear to be significantly more de-shielded. 
Crystallographic data for this amide (as will be described in chapter 3) showed an anti 
arrangement between NH and C=O (figure 2.13) and computational studies (described in 
chapter 4) showed a minimum energy conformation when the aromatic ring is planar to the 
amide group. This arrangement brings H2‟ on the same side as C=O and the observed de-
shielding could be due to magnetic anisotropic effects. 
 
 
64 
 
 
 
 
 
 
Continuing with the assignment, in the saturated CH region 
1
H NMR spectrum showed peaks 
at δ/ppm 2.73 – 2.75 (m, 2H), 2.54 – 2.56 (m, 2H) and 1.72 – 1.77 (m, 4H). The 2.54 – 2.56 
ppm signal showed good HMBC correlation to three quaternary aromatics, which is most 
likely (2 or 3 bonds) for H8‟ (correlated to C1‟, C10‟ and C9‟), and this peak was also 
correlated by HSQC to the 
13
C peak at 24.5 ppm whereas the multiplet at 2.73 – 2.75 ppm 
was correlated to the 
13
C peak at 29.8 ppm which has already been assigned to C5‟. The third 
multiplet at 1.72 – 1.77 ppm was correlated to two 13C peaks at 22.8 and 22.6 ppm and was 
allocated to C6‟ and C7‟. Due to the lack of further resolution of the 1H NMR spectrum and 
the close proximity of the peaks in the 
13C NMR, more specific allocation to either C6‟ or 
C7‟ was not possible. The cyclohexanyl peaks are summarised as shown below, (table 2.3). 
Table 2.3    Allocation of the cyclohexanyl peaks of N-(5,6,7,8-tetrahydro-1-naphthalenyl)propenamide 
 1H 
 δ/ppm 
13
C  
δ/ppm 
H5‟ / C5‟ 2.73 – 2.75 29.8 
H6‟ / C6‟, H7‟ / C7‟ 1.72 – 1.77 22.8 and 22.6 
H8‟ / C8‟ 2.54 – 2.56 24.5 
 
In the alkene region, 
1
H NMR spectrum showed peaks at δ/ppm 6.31 – 6.34 (m, 2H) and 5.66 
(dd, 1H, J1 = 2.8 Hz, J2 = 8.6 Hz). The coupling constant (8.6 Hz) of the dd at 5.66 ppm is 
typical of that shown by an alkene H coupled to a vicinal partner in a cis geometry (figure 
2.14), and since DEPT showed it to be part of a H2C= system,  it was allocated to the relevant 
H3 which is that trans to the C=O (CONHAr) group (H3trans). Further geminal splitting was 
observed with a coupling constant at 2.8 Hz.  
 
 
 
 
   
Figure 2.13   Preferred conformation of THNP-H-am 
Figure 2.14   Typical coupling constants of an alkene
11 
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The multiplet, at 6.31 – 6.34 ppm is caused by the other two protons in this region, i.e. the  
H2C=C cis to the CONHAr (H3cis) and C=CH (H2). HSQC correlated these peaks to 
13
C 
peaks at 131.4 and to 127.1; the latter was shown by DEPT to be a CH2 peak. The peak at 
5.66 ppm was also correlated by HSQC to the 
13
C peak at 127.1 ppm. Therefore the alkene 
region peaks were allocated as shown below, (table 2.4). 
Table 2.4   Allocation of the alkene peaks of N-(5,6,7,8-tetrahydro-1-naphthalenyl)propenamide 
 1H 
 δ/ppm 
13
C  
δ/ppm 
H2 / C2 6.31 – 6.34 131.4 
H3trans  / C3trans 5.66 
J 3trans,3cis = 2.8 Hz, 
J3trans, 2 = 8.6 Hz 
127.1 
H3cis  / C3cis 6.31 – 6.34 127.1 
 
The quaternary carbon peaks were allocated as follows: 
The peak at 135.1 ppm was correlated by HMBC to the
1
H NMR peaks at 7.04 (H3‟) and to 
2.54 – 2.56 (H8‟) only; this peak was therefore allocated to C1‟. The peak at 129.5 ppm was 
correlated by HMBC to the 
1H NMR peaks at δ/ppm 7.50 (H2‟), 6.89 (H4‟) – but not 7.04 
(H3‟) - and also to all three CH2 cyclohexanyl peaks (H6‟ and H7‟ are not resolved) and was 
therefore allocated to C9‟. The peak at 138.0 ppm was correlated by HMBC to the 1H NMR 
peaks at δ/ppm 7.04 (H3‟) but not to those at 7.50 (H2‟) and 6.89 (H4‟) and also to all three 
CH2 cyclohexanyl peaks and was therefore allocated to C10‟. The peak at 164.1 was 
correlated by HMBC to the 
1
H NMR peaks at δ/ppm 6.31 – 6.34 (H3cis, H2) and 5.66 (H3trans) 
and was therefore allocated to C=O. 
The assignment of all quaternary carbon peaks is shown in table 2.5 
Table 2.5   Allocation of the quaternary C peaks of N-(5,6,7,8-tetrahydro-1-naphthalenyl)propenamide 
 13C  
δ/ppm 
C1 164.1 
C1‟ 135.1 
C9‟ 129.5 
C10‟ 138.0 
 
Dilution of this amide was found to change some of the 
1
H NMR shifts as shown below, 
(figure 2.15). 
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Figure 2.15   
1
H NMR spectrum of concentrated and dilute solutions of N-(5,6,7,8-tetrahydro-1-
naphthalenyl)propenamide in CDCl3 
The shift changes are summarised in table 2.6 
Dilute 
Concentrated 
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Table 2.6   Comparison of 
1
H NMR shifts for concentrated and dilute THNP-H-am in CDCl3 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
a
 For multiplets (e.g. 6.29 – 6.34 ppm) the middle value (e.g. 6.32 ppm) is taken. 
There is a significant upfield shift of the NH peak which is expected as the dilution will 
decrease hydrogen bonding, hence the H will be less de-shielded.  However there are also 
significant downfield shifts of H3, H2‟, H3‟, H4‟ and H7‟. A possible explanation is the 
reduction on magnetic anisotropy effects from the C=C and from the aromatic groups in the 
more dilute solution. Figure 2.16 shows three molecules of THNP-H-am stacked in a way 
that facilitates intermolecular hydrogen bonding between NH and CO. H2‟, H3‟and H4‟  are 
within the shielding magnetic anisotropy cone of the aromatic ring of the molecule below, 
whereas H7‟ is within the cone of the aromatic ring of the molecule above. H3 is affected by 
magnetic anisotropy of the C=C group. In dilute solutions the molecules are further apart so 
these effects diminish and hence the peaks move downfield. 
 
 
 
 
 
 
 Concentrated 
solution 
δ/ppm 
Dilute 
solution 
δ/ppm 
 
 
Δδ / ppm 
NH 7.66 6.99 - 0.67 
H2 6.31 – 6.34 6.27 - 0.05 
H3trans 5.66 5.76 + 0.10 
H3cis 6.31 – 6.34 6.41 + 0.09 
a 
H2’ 7.50 7.76 + 0.26 
H3’ 7.04 7.13 + 0.09 
H4’ 6.89 6.96 + 0.07 
H5‟ 2.73 – 2.75 2.76 – 2.80 + 0.04 
H6‟ 1.72 – 1.77 1.76 – 1.78 + 0.02 
H7’ 1.72 – 1.77 1.84 – 1.85 +  0.10 
H8‟ 2.54 – 2.56 2.59 – 2.62  +  0.06 
Figure 2.16  Hydrogen bonding in THNP-H-am 
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2.2.1.2   Synthesis of N-(5,6,7,8-tetrahydro-1-naphthalenyl)methylpropenamide (THNP-Me-
am) 
 
 
Scheme 2.7   Synthesis of N-(5,6,7,8-tetrahydro-1-naphthalenyl)methylpropenamide  (THNP-Me-am)   
The synthesis followed a standard procedure. Methacrylic acid was chlorinated using PCl5 
followed by in situ acylation of THNP-NH2 in dry THF, in the presence of Et3N, (scheme 
2.7). The crude product, a thick oil, was worked up initially by dissolving in DCM and 
washing with HCl, Na2CO3 and water successively. The yields achieved ranged from  
33 – 44 %; much better yields were achieved when the oil was stirred in water which caused 
the precipitation of a solid found to be almost pure amide. The yield of the crude product was 
then 66 – 76 %. Recrystallisation of a small sample of the product from DCM / hexane gave 
the amide for characterisation. The product was characterised by HRMS and NMR 
spectroscopy.  The 
1
H NMR spectrum was as expected. The acryloyl group showed H3cis, 
H3trans and the CH3 as singlets and the THNP group showed shifts almost identical to those of 
THNP-H-am. Full allocation of NMr peaks for this amide is reported in section 2.4.2. 
Dilution was found to show a similar effect to THNP-H-am, i.e. a significant upfield shift of 
NH (- 0.16 ppm) and downfield shift of H2‟ (+ 0.12 ppm) and H7‟ (+ 0.10 ppm).  
2.2.1.3   Synthesis of N-(5,6,7,8-tetrahydro-1-naphthalenyl)-2-chloropropenamide (THNP-
Cl-am) 
 
This amide was prepared in three steps. The reaction scheme is shown below, (scheme 2.8). 
69 
 
 
Scheme 2.8   Synthesis of N-(5,6,7,8-tetrahydro-1-naphthalenyl)-2-chloropropenamide 
Methyl propenoate was chlorinated by bubbling dry chlorine through a methanolic solution of 
the ester. Distillation of the resulting solution under reduced pressure gave the target ester, 
homogenous by NMR analysis.
11
  The yield of this reaction was 19 %. The product was 
characterised by 
1
H and 
13
C NMR spectroscopy. The shifts for 
13
C NMR spectrum were in 
general agreement with published values.
12, 13 
 The 
1
H NMR spectrum showed the 
diastereotopic  methylene protons at different shifts, as was expected, and the coupling 
constants were in agreement with published values for similar compounds.
14
 The second step, 
dehydrohalogenation and hydrolysis of methyl 2,3-dichloropropanoate, was  achieved by 
stirring it in a suspension of barium hydroxide followed by acidification.
9,15
  The reaction 
gave a product which was 88 % pure by NMR analysis (yield of crude product 33 %) and was 
identified  by 
1
H and 
13
C NMR spectra where the shifts and coupling constants were in 
general agreement with published values.
16 
The 2-chloropropenoic acid thus produced was chlorinated by PCl5 before being dissolved in 
dry THF and reacted with a mixture of THNP-NH2 and Et3N following the standard 
procedure. Workup was by column chromatography (SiO2; DCM / hexane / EtOAc) and 
preparatory thin layer chromatography (SiO2; diethylether / hexane) to give a yield of 22 %. 
The amide was characterised by microanalysis and NMR spectroscopy. The NMR shifts were 
within the range expected based on the shifts observed for THNP-H-am and THNP-Me-am. 
Full allocation of NMR peaks for this amide is reported in section 2.4.5 and for the precursor 
2,3-dichloropropanoate and 2-chloropropenoic acid in sections 2.4.3 and 2.4.4 respectively. 
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2.2.1.4   Synthesis of N-(5,6,7,8-tetrahydro-1-naphthalenyl)-2,3,3-trichloropropenamide 
(THNP-2,3,3Cl-am) 
This synthesis involved two steps. The reaction scheme is shown below (scheme 2.9). 
 
 
Scheme 2.9   Synthesis of N-(5,6,7,8-tetrahydro-1-naphthalenyl)-2,3,3-trichloropropenamide 
 
The first step involved the preparation of 2,3,3-trichloropropenoyl chloride by reacting 
hexachloropropene with fuming H2SO4.
17
  The reaction is believed to proceed via a dimeric 
sulfur trioxide as shown below (scheme 2.10).
18
 
 
 
 
 
Scheme 2.10   Preparation of 2,3,3-trichloropropenoyl chloride by the action of dimeric sulfur trioxide on 
hexachloropropene 
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The reaction mixture was poured onto ice, which caused the hydrolysis of the chloride and 
gave impure 2,3,3-trichloropropenoic acid  as a solid (approximately 95 % pure by 
1
H NMR 
analysis).  After drying, the yield of the impure product varied from 46 – 69 %. Although this 
acid is a solid at room temperature, when stirred in water it forms a concentrated solution 
which appears as an oil floating on the water.
19
  Formation of oil in this way was the main 
reason for the lower yields. The acid was identified by 
1
H and 
13
C NMR spectroscopy where 
the shifts and coupling constants were in general agreement with published values.
20
  
The acid was chlorinated by phosphorus pentachloride and the standard procedure was 
followed to synthesise the target amide. Isolation was by column chromatography (SiO2; 
diethyl ether / hexane) and the yield of the pure amide was 30 %. The product was identified 
by NMR spectroscopy and HRMS. The peaks of the 
1
H and 
13
C NMR spectra were in the 
range expected. Full allocation of NMR peaks for this amide is reported in section 2.4.7 and 
for 2,3,3-trichloropropenoic acid  in section 2.4.6. 
2.2.1.5   Synthesis of N-(5,6,7,8-tetrahydro-1-naphthalenyl)-2-cyano-3-phenylpropenamide 
(THNP-2CN-3Ph-am) 
The synthesis of this amide followed the scheme shown below, (scheme 2.11). 
 
 
Scheme 2.11   Synthesis of N-(5,6,7,8-tetrahydro-1-naphthalenyl)-2-cyano-3-phenylpropenamide 
In the first step, 2-cyano-3-phenylpropenoic acid was prepared by Knoevenagel condensation 
of benzaldehyde and cyanoethanoic acid.
 21
  The mechanism of this reaction is shown below, 
(scheme 2.12). 
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Scheme 2.12    The mechanism of Knoevenagel condensation used for preparation of 2-cyano-3-
phenylpropenoic acid 
The bases used were pyridine and piperidine as they are weak (pKa  5.5 and 14.2 in THF, 
respectively),
22, 23
 but sufficient to de-protonate the very acidic α carbon of the cyanoethanoic 
acid. This method, using a mixture of these bases, was reported for a similar condensation of 
cyanoacetic acid with 4-nitrobenzaldehyde.
24
 Furthermore, the use of lithium bromide as a 
catalyst for C–C bond formation in such reactions was reported by Prajapati et al., in 1996.22  
In this work, lithium bromide was used in addition to pyridine and piperidine. The acid was 
extracted from the reaction mixture by EtOAc and purified by washing with petroleum ether 
(100 – 120 oC fraction). The synthesis produced a pure product although the yield was small 
(6 %). Identification of the product was by NMR spectroscopy and the shifts and coupling 
constants were in general agreement with published values for E-2-cyano-3-phenylpropenoic 
acid.
25,
 
26
 The second step involved chlorination of the acid and in situ acylation of THNP-
NH2 to give the target amide. In this synthesis chlorination of the acid was achieved by 
reaction with excess oxalyl chloride instead of PCl5,
27
 but otherwise the acylation of THNP-
NH2 followed the usual procedure, but in minimum solvent, and gave the target amide in 
good yield (89 % of impure product, approximately 95 % by 
1
H NMR analysis). Most of the 
product was used for preparation of the imide by further acylation with benzoyl chloride. A 
small sample was purified by recrystallization from DCM / hexane and characterised by 
HRMS and NMR spectroscopy. The shifts of H3 at 8.44 ppm for the amide and 8.32 ppm for 
the acid are close to the calculated values for E configuration based on additivity rules 
confirming an E configuration in the amide.
28
 The E configuration was also confirmed by the 
X-ray structure of this amide as shown in the next chapter (chapter 3, subsection 3.2.1.5). Full 
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allocation of NMR peaks for this amide is reported in section 2.4.9 and for 2-cyano-3-
phenylpropenoic acid in section 2.4.8.  
2.2.1.6   Synthesis of N-(5,6,7,8-tetrahydro-1-naphthalenyl)cyclohex-1-enyl-1-carboxamide 
(THNP-cHex-am) 
 
Scheme 2.13   Preparation of N-(5,6,7,8-tetrahydro-1-naphthalenyl)cyclohex-1-enyl-1-carboxamide 
This amide was prepared from cyclohex-1-enyl-1-carboxylic acid and THNP-NH2 following 
the standard procedure, so the acid was chlorinated using PCl5 and the acyl chloride produced 
was used to acylate THNP-NH2 in situ, (scheme 2.13) with work up by stirring the crude 
reaction mixture in water. Isolation of the product was by column chromatography (SiO2; 
DCM / EtOAc). The yield of the reaction ranged from 37 – 40 % and the product was 
characterised by HRMS and NMR spectroscopy. The shifts and coupling constants followed 
the general trend. Full allocation of NMR peaks for this amide is reported in section 2.4.10. 
2.2.2   Simple and substituted N-(2,6-dimethylphenyl)propenamides (2,6-
diMePh amides) 
2.2.2.1   Synthesis of N-(2,6-dimethylphenyl)propenamide (2,6-diMePh-H-am) 
The standard procedure for 2,6-diMePh amides was similar to that of the THNP amides. Here 
2,6-dimethylphenylamine (2,6-diMePh-NH2) and Et3N were added to a solution of the 
relevant acyl chloride in dry THF. The temperature was kept at 40 
o
C but the duration of the 
reaction varied with each amide.  
 
 
 
 
 
Scheme 2.14   Preparation of N-(2,6-dimethylphenyl)propenamide 
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So the synthesis of N-(2,6-dimethylphenyl)propenamide was by acylation of 2,6-diMePh-
NH2 with propenoyl chloride following the standard procedure, (scheme 2.14). The yield of 
the impure amide varied between 70 % - 82 %. Purification by recrystallisation from DCM / 
hexane gave pure amide at 49 % (of pure from crude). Purification by column 
chromatography (SiO2; DCM / hexane / EtOAc) also gave pure amide, but at much lower 
yield (21 %). This amide is a known compound and there are published values for its melting 
point at 146 – 147 oC,29 144 – 145 oC 30 and 143 – 144 oC.31 The melting point determined in 
this work was 142 – 143 oC. Characterisation of the pure product was by microanalysis and 
NMR spectroscopy. When CDCl3 was used as a solvent, NMR spectroscopy showed two sets 
of peaks, a fact attributed to the existence of two isomers (E and Z) in the solution,(figure 
2.17). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.17    
1
H NMR spectrum of N-(2,6-dimethylphenyl)propenamide in CDCl3 showing minor isomer peaks 
(arrows) 
Figure 2.18 shows the Z and E isomers of N-(2,6-dimethylphenyl)propenamide based on the 
configuration around the „partial double‟ N–C bond. 
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Figure 2.18   Z and E isomers of N-(2,6-dimethylphenyl)propenamide 
 
Crystallographic data (presented in chapter 3, subsection 3.2.2.1) shows that the Z isomer 
(with CO anti to NH, also referred in this work as the „trans‟ isomer) is the only one present 
in the solid amide. It can be assumed therefore that the major isomer in CDCl3 is Z. The same 
sample in deuterated methanol (MeOD) and in deuterated dimethyl sulfoxide (DMSO) 
showed only one isomer. The 
1
H NMR spectrum in DMSO is shown below, (figure 2.19). 
 
Figure 2.19   
1
H NMR spectrum of N-(2,6-dimethylphenyl)propenamide in DMSO 
The Z isomer is likely to be preferred on steric grounds, but as seen in figure 2.18 the Z 
isomer is more polar and hence expected to be even more favoured in more polar solvents. It 
has been reported for substituted N-phenylethanamides (acetanilides) that the percentage of 
the E isomer increases as the polarity of the solvent decreases.
32
 Hence in the very polar 
DMSO there is only the Z isomer whereas the percentage of E increases in the less polar 
CDCl3.  
 
Z E 
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Peaks were assigned in the 
1
H NMR spectrum based on the unique (and typical) coupling 
patterns of the alkene group, (figure 2.20). 
 
 
 
 
 
Figure 2.20   The alkene peaks in 
1
H NMR spectrum of N-(2,6-dimethylphenyl)propenamide in CDCl3 
The peaks at 6.37 and 6.32 ppm are very close and a significant roofing effect is observed. 
The coupling constants for the dd at 6.37 ppm are 17.0 and 2.3 Hz which is typical of vicinal 
trans and germinal coupling respectively in terminal alkenes. So, it was allocated to H3 
which is trans to H2 and cis to the CONHAr group, (H3cis). The peak at 5.73 ppm is a dd 
with coupling constants 9.4 and 2.3 Hz which again is typical of cis and germinal coupling 
respectively in terminal alkenes. So, it was allocated to the H3 cis to H2 and trans to the 
CONHAr group, (H3trans). The peak at 6.32 ppm is a dd with coupling constants 17.0 and 9.4 
Hz and hence it was allocated to H2. The peaks for the minor isomer in CDCl3, and also for 
the (major isomer) peaks in DMSO were allocated in a similar way. Calculations based on 
relative integrations of peaks for H2 in the two isomers present in CDCl3 show 21 % of E and 
79 % of Z. 
Figure 2.21 and table 2.7 show a comparison of H2 peaks for Z isomer in DMSO and CDCl3 
and for E and Z isomers in CDCl3.  
 
 Figure 2.21    
1
H NMR spectrum  N-(2,6-dimethylphenyl)propenamide in CDCl3 (A) and in DMSO (B) 
with the H2 peaks circled 
 
A 
B 
Major isomer, Z Minor isomer, E 
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Table 2.7   The shift of H2 peak of N-(2,6-dimethylphenyl)propenamide in different solvents 
 
Solvent H2  
δ/ppm 
DMSO (Z-isomer) 6.48 
CDCl3  (Z-isomer) 6.32 
CDCl3  (E-isomer) 5.90 
The H2 of the Z isomer appears more shielded in CDCl3 than in DMSO by 0.16 ppm.  
The H2 peaks of the minor isomer (E) in CDCl3 are significantly more shielded than the 
peaks for the major isomer (Z) in the same solvent; H2 in the E isomer is closer to the 
aromatic ring and the shielding of the H2 peak for this compared to the Z isomer could be due 
to it being in the shielding cone of the aromatic ring at right angles to the amide system. Full 
allocation of NMR peaks for this amide is reported in section 2.4.11. 
2.2.2.2   Synthesis of N-(2,6-dimethylphenyl)methylpropenamide (2,6-diMePh-Me-am) 
 
 
Scheme 2.15   Preparation of N-(2,6-dimethylphenyl)methylpropenamide 
The preparation started with chlorination of methylpropenoic acid by phosphorous 
pentachloride, and the acyl chloride produced was used to acylate 2,6-diMePh-NH2 following 
the standard procedure, (scheme 2.15). Work up was attempted by dissolving the crude 
product in DCM and washing with HCl(aq) followed by Na2CO3(aq) and water. The amide was 
thus obtained at yield ranging from 50 – 55 %.  A better yield (65 – 68 %) was achieved 
when the crude reaction mixture was stirred in water and then further purified by 
recrystallization from DCM / hexane. The melting point for the pure product was 94 – 95 o C 
which is within the published range of 87 – 101 oC.33 Characterisation of the product was by 
HRMS and NMR spectroscopy. For this amide, the 
1
H NMR spectrum showed only one set 
of signals (no isomer) but also a small difference in the shifts of C2‟-CH3 and C6‟-CH3 
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indicating non-equivalence. Similarly the peak for H3‟ and H5‟ is a very broad doublet 
possibly indicating the presence of two unresolved doublets and hence confirming non 
equivalence of the relevant protons. Full allocation of NMR peaks for this amide is reported 
in section 2.4.12. 
2.2.2.3   Synthesis of N-(2,6-dimethylphenyl)-2-chloropropenamide (2,6-diMePh-Cl-am) 
 
 
Scheme 2.16   Preparation of N-(2,6-dimethylphenyl)-2-chloropropenamide 
2-Chloropropenoic acid (prepared via the method described above) was chlorinated and then 
the acyl chloride used to acylate 2,6-dimethylphenylamine following the standard procedure, 
(scheme 2.16). In contrast to other amide preparations the reaction took 12 h to complete at 
40 
o
C. The crude reaction mixture was stirred in water and purified by column 
chromatography and recrystallization from DCM / hexane to give the target amide. The yield 
was smaller than in the other acylations, in the range of 20 – 22 %. The product was 
characterised by NMR analysis and HRMS. In this amide the methyl groups at C2‟ and C6‟ 
appear at the same shift but a possible degree of non equivalence is shown by the multiplicity 
of the peak for H3‟ / H5‟ which is a broad doublet. Full allocation of NMR peaks for this 
amide is reported in section 2.4.13. 
2.2.2.4   Synthesis of N-(2,6-dimethylphenyl)-2,3,3-trichloropropenamide (2,6-diMePh-
2,3,3Cl-am) 
 
 
Scheme 2.17   Preparation of N-(2,6-dimethylphenyl)-2,3,3-trichloropropenamide 
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2,3,3-Trichloropropenoic acid was prepared via the method described above, was then 
chlorinated and the acyl chloride used to acylate 2,6-diMePh-NH2 following the standard 
procedure, (scheme 2.17). The yield for the impure product was 94 %. Purification was by 
recrystallization from DCM / hexane and characterisation of the product was by NMR 
spectroscopy and HRMS. Full allocation of NMR peaks for this amide is reported in section 
2.4.14. 
2.2.2.5 Synthesis of  N-(2,6-dimethylphenyl)cyclohex-1-enyl-1-carboxamide (2,6-diMePh 
-cHex-am)  
 
 
Scheme 2.18   Preparation of N-(2,6-dimethylphenyl)cyclohex-1-enyl-1-carboxamide 
This preparation followed the standard procedure. Cyclohex-1-enyl-1-carboxylic acid was 
chlorinated with PCl5 and the product was used in situ for the acylation of 2,6-diMePh-NH2 
in dry THF in the presence of Et3N, (scheme 2.18). The crude amide was precipitated from 
the resulting oil by stirring in water. Purification was by column chromatography (SiO2; 
DCM / EtOAc ) which gave a yield of pure product of 34 % and characterisation was by 
NMR spectroscopy and HRMS. Full allocation of NMR peaks for this amide is reported in 
section 2.4.15. 
2.2.3    Simple and substituted N-benzoyl-N-(5,6,7,8-tetrahydro-1-
naphthalenyl)propenamides (THNP imides) 
 
2.2.3.1   Synthesis of N-benzoyl-N-(5,6,7,8-tetrahydro-1-naphthalenyl)propenamide (THNP-
H-im) 
A general method for the synthesis of imides was as follows. Equimolar quantities of the 
relevant amide and Et3N were dissolved in minimum dry THF at room temperature and the 
solution was refluxed before being added slowly to a solution of benzoyl chloride in a small 
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quantity of dry THF. The final reaction mixture was refluxed usually for 24 h but the reaction 
time varied with different imides. 
 
Scheme 2.19   Preparation of N-benzoyl-N-(5,6,7,8-tetrahydro-1-naphthalenyl)propenamide 
This particular imide was synthesised by the reaction of THNP-H-am and benzoyl chloride in 
the presence of Et3N, (scheme 2.19). After a number of optimisation experiments to improve 
yields this procedure was adopted as the standard one (see above), although, for this imide, 
use of a larger amount of solvent was found to be more effective. Attempts to prepare THNP-
H-im using NaH in dimethylformamide or NaOH in ethanol to deprotonate the amide failed 
to give the desired product. Isolation of THNP-H-im was by column chromatography (SiO2; 
DCM / hexane / EtOAc) and the best yield was 35 %. The pure product was initially a 
transparent oil, which crystallised after 5 months. Characterisation of the product was by 
HRMS and NMR spectroscopy. The 
1
H NMR peaks for the benzoyl group were at relatively 
low field compared to published values for benzamide
 
 as expected and showed typical 
coupling patterns;
34
 otherwise 
1
H peaks were similar to those for amide THNP-H-im apart 
from the H2‟ signal which was more upfield by 0.3 ppm. In the 13C NMR spectrum the peaks 
for the benzoyl group were very close to published peaks for benzamide,
35
 and all other peaks 
were as expected and similar to the THNP-H-am apart from C2‟ which was more downfield 
by 8.7 ppm. Full allocation of NMR peaks for this imide is reported in section 2.4.16. 
2.2.3.2   Synthesis of N-benzoyl-N-(5,6,7,8-tetrahydro-1-naphthalenyl)methylpropenamide 
(THNP-Me-im) 
 
Scheme 2.20   Preparation of N-benzoyl-N-(5,6,7,8-tetrahydro-1-naphthalenyl)methylpropenamide 
81 
 
Synthesis of THNP-Me-im by the standard procedure gave very low yields.  (An attempt to 
change the order of acylation adding benzoyl chloride to THNP-NH2 first and then 
methylpropanoyl chloride to the amide thus prepared, gave good yield for the pre-cursor 
benzamide but only 6 % yield for THNP-Me-im). A better yield was achieved by modifying 
the quantities of reagents used in the standard procedure, shown in scheme 2.20, by using 
excess benzoyl chloride (molar ratio to amide 2:1) which was then removed during work-up 
by washing with aqueous sodium carbonate. Purification of the imide was by washing with 
hexane and then recrystallization from DCM / hexane. The yield was 20 %. Characterisation 
was by HRMS and NMR spectroscopy. Most of the shifts and coupling constants were in 
general agreement with those found for other compounds in this work. It is interesting to note 
that the peak for C=C-CO was much more de-shielded than the relevant peak in other imides 
and very close to the peak for COPh. The same was observed for 2,6-diMePh-Me-im and 
could be due to the anti arrangement of CO and C=C (see chapter 3, subsection 3.2.4.2), 
which from all the imides in this work is found mainly for the ones with the methyl C2 
substituent, or to magnetic anisotropic effects from –COPh. Full allocation of NMR peaks for 
this imide is reported in section 2.4.17. 
2.2.3.3   Synthesis of N-benzoyl-N-(5,6,7,8-tetrahydro-1-naphthalenyl)-2,3,3-
trichloropropenamide (THNP-2,3,3Cl-im) 
 
 
Scheme 2.21   Preparation of N-benzoyl-N-(5,6,7,8-tetrahydro-1-naphthalenyl)-2,3,3-trichloropropenamide 
This imide was synthesised by the reaction of THNP-2,3,3Cl-am with benzoyl chloride 
following the standard procedure, (scheme 2.21). Purification of the imide was by 
recrystallization from DCM / hexane. The yield of the reaction was 44 % and characterisation 
of the imide was by HRMS and NMR spectroscopy. Full allocation of NMR peaks for this 
imide is reported in section 2.4.18. 
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2.2.3.4   Synthesis of N-benzoyl-N-(5,6,7,8-tetrahydro-1-naphthalenyl)-2-cyano-3-
phenylpropenamide (THNP-2CN-3Ph-im) 
 
 
Scheme 2.22   Preparation of N-benzoyl-N-(5,6,7,8-tetrahydro-1-naphthalenyl)-2-cyano-3-phenylpropenamide 
The standard procedure gave poor results for the synthesis of this imide. It was achieved 
instead by stirring THNP-2CN-3Ph-am in a solvent made up of equal volumes of toluene and 
pyridine, adding a solution of benzoyl chloride and 4-dimethylaminopyridine (DMAP) and 
refluxing for 5 h.
 36
  The molar ratio of benzoyl chloride, DMAP and THNP-2CN-3Ph-am 
was 2:2:1. The excess benzoyl chloride was removed by filtration as a pyridine salt. Excess 
pyridine was removed by washing with HCl(aq). Isolation of the imide was by column 
chromatography (SiO2, Hexane / DCM / EtOAc  2:1:1). Further purification was by 
recrystallisation from the same solvent as the column. The reaction gave pure imide at trace 
yield. A previous attempt using a similar method but with Et3N instead of pyridine gave 
impure imide at trace yield. Characterisation was by HRMS and NMR spectroscopy. Full 
allocation of NMR peaks for this imide is reported in section 2.4.19. 
2.2.3.5   Synthesis of N-benzoyl-N-(5,6,7,8-tetrahydro-1-naphthalenyl)cyclohex-1-enyl-1-
carboxamide (THNP-cHex-im) 
 
 
Scheme 2.23   Preparation of N-benzoyl-N-(5,6,7,8-tetrahydro-1-naphthalenyl)cyclohex-1-enyl-1-carboxamide 
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This imide was synthesised by the reaction of THNP-cHex-am and benzoyl chloride 
following the standard procedure, (scheme 2.23). Work up was by stirring the reaction 
mixture in water after removal of the original solvent. Purification of the imide was done by 
column chromatography (SiO2, DCM / EtOAc  9:1). The yield of the product thus obtained 
was 26 % (showing approximately 10 % impurities by 
1
H NMR analysis). Further 
purification was done by recrystallisation from DCM / hexane and the pure imide was 
characterised by HRMS and NMR spectroscopy. The peaks were close to the peaks for the 
relevant amide (THNP-cHex-am) apart from the cyclohex-1-enyl H which appear to be more 
shielded in the imide. Crystallographic data which will be presented later in chapter 3, shows 
a conformation of the molecule which has cyclohex-1-enyl close to the benzoyl group (figure 
2.22) and the observed shielding is probably due to magnetic anisotropy effects of the latter. 
Full allocation of NMR peaks for this imide is reported in section 2.4.20. 
 
 
 
 
 
 
 
Figure 2.22     J-mol generated picture from cif file of N-benzoyl-N-(5,6,7,8-tetrahydro-1-
naphthalenyl)cyclohex-1-enyl-1-carboxamide (see also chapter 3, subsection 3.2.3.5) 
2.2.4   Simple and substituted N-Benzoyl-N-(2,6-dimethylphenyl) 
propenamides (2,6-diMePh imides) 
2.2.4.1   Synthesis of N-benzoyl-N-(2,6-dimethylphenyl)propenamide (2,6-diMePh-H-im) 
 
Scheme 2.24   Preparation of N-benzoyl-N-(2,6-dimethylphenyl)propenamide 
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The same standard method as for the THNP-imides was followed; equimolar quantities of the 
relevant amide and Et3N were dissolved in minimum dry THF at room temperature and the 
solution refluxed before being added slowly to a solution of benzoyl chloride in a small 
quantity of THF. The final reaction mixture was usually refluxed for 24 h. 
This standard procedure was followed for the synthesis of N-benzoyl-N-(2,6-
dimethylphenyl)propenamide, (scheme 2.24), although use of more than the minimum 
solvent was found to be more effective. Isolation was by column chromatography (SiO2; 
DCM / hexane / EtOAc) and this gave a pure product in the form of an oil, which crystallised 
when left in a sample bottle at room temperature for 5 months. The yield of the reaction was 
24 %. Characterisation of the product was by HRMS and NMR spectroscopy. In contrast to 
its precursor amide, the imide‟s 1H NMR spectrum in CDCl3 showed only one set of signals. 
Full allocation of NMR peaks for this imide is reported in section 2.4.21. 
2.2.4.2   Synthesis of N-benzoyl-N-(2,6-dimethylphenyl)methylpropenamide (2,6-diMePh-
Me-im) 
 
Scheme 2.25   Preparation of N-benzoyl-N-(2,6-dimethylphenyl)methylpropenamide 
This imide was synthesised by the standard procedure, (scheme 2.25), although here also use 
of more than the minimum amount of solvent was more effective. Isolation of the product 
was by column chromatography (SiO2; DCM / hexane / EtOAc) and further purification was 
done by recrystallisation from DCM / hexane); the yield of this reaction was very low  
(2.2 %), although the crude yield was estimated at approximately 80 %.  The NMR peaks (
1
H 
and 
13
C) were not significantly shifted from analogous ones in the starting amide. Full 
allocation of NMR peaks for this imide is reported in section 2.4.22. 
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2.2.4.3   Synthesis of N-benzoyl-N-(2,6-dimethylphenyl)-2,3,3-trichloropropenamide (2,6-
diMePh-2,3,3Cl-im) 
 
Scheme 2.26   Preparation of N-benzoyl-N-(2,6-dimethylphenyl)-2,3,3-trichloropropenamide 
Synthesis of this imide was performed using the standard procedure, (scheme 2.26), but gave 
only trace yield. Isolation and purification of the product gave a solid which was only 75 % 
pure by 
1
H NMR spectroscopy so characterisation of the product was limited to NMR 
analysis only. The general agreement of the shifts and coupling constants with those found 
for the relevant amide (2,6diMePh-2,3,3Cl-am) and also for the other imides in this section 
confirmed that the allocation of peaks for this compound was correct and also that the 
compound was indeed the target imide (2,6diMePh-2,3,3Cl-im), albeit impure. Full allocation 
of NMR peaks for this imide is reported in section 2.4.23. 
2.2.4.4   Synthesis of N-benzoyl-N-(2,6-dimethylphenyl)cyclohex-1-enyl-1-carboxamide (2,6-
diMePh-cHex-im) 
 
Scheme 2.27   Preparation of N-benzoyl-N-(2,6-dimethylphenyl)cyclohex-1-enyl-1-carboxamide 
This imide was synthesised following the standard procedure, (scheme 2.27). Isolation of the 
product was by column chromatography (SiO2; DCM / hexane / EtOAc) and the yield of the 
pure imide was 15 %.  Characterisation was by HRMS and NMR spectroscopy. The peaks 
were close to the analogous peaks for the starting amide although the cyclohex-1-enyl peaks 
appeared to be more shielded. Full allocation of NMR peaks for this imide is reported in 
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section 2.4.24. Crystallographic data for this compound, presented in chapter 3, shows the 
conformation depicted in figure 2.22 which has the cyclohex-1-enyl group close to the 
benzoyl group. If this conformation is retained in solution long enough to produce NMR 
signals, the observed shielding will be due to magnetic anisotropy effects from the aromatic 
ring. A similar effect was observed for THNP-cHex-im.  
 
Figure 2.23   J-mol generated image from the cif file of N-benzoyl-N-(2,6-dimethylphenyl)cyclohex-1-enyl-1-
carboxamide (see chapter 3, subsection 3.2.4.3) 
2.3   Summary 
This chapter described the synthesis of twenty amides and imides of which fourteen are 
novel. A general standard procedure was by acylation of the relevant amine using acyl 
chloride and for the imides a second acylation of the amide with benzoyl chloride. Et3N was 
used as a nucleophilic catalyst and the reactions were performed in dry THF. The first 
acylation was relatively quick with average reaction time just a few hours at 40 
o
C whereas 
the second acylation required significantly longer times (usually 24 h) and higher 
temperatures (reflux for THF i.e. approx. 70
 o
C). Acylation of THNP-2CN-3Ph-am was 
unusually performed in dry toluene using benzoyl chloride, pyridine and DMAP as catalyst. 
Where acyl chloride was not available it was produced by chlorination of the relevant acid 
usually with PCl5. The acylation of the amide was then done by adding the solvent and the 
mixture of amine and Et3N in situ. Where the acyl chloride had to be prepared in this way 
immersion of the reaction mixture in water was very effective in precipitating the crude target 
amide. For some amides the acid itself had to be synthesised: for THNP-Cl-am and 2,6-
diMePh-Cl-am the acid was  prepared by chlorination of the methyl propenoate followed by 
de-hydrohalogenation; for THNP-2,3,3Cl-am  and 2,6-diMePh-2,3,3Cl-am the acid was 
prepared  by the action of fuming sulphuric acid on hexachloropropene and for THNP-2CN-
3Ph-am by Knoevenagel condensation of benzaldehyde with cyanoethanoic acid.  
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Isolation was usually by column chromatography (SiO2; DCM / hexane / EtOAc) and further 
purification by recrystallization usually from DCM / hexane. The yields varied significantly 
but generally they were much higher for the amides than for the imides. All amides and 
imides apart from 2,6-diMePh-2,3,3Cl-im were obtained pure and the melting points were 
determined. For all compounds a full set of NMR spectra (
1
H, 
13
C, DEPT, HSQC, HMBC 
and where necessary COSY) allowed allocation of peaks, and 
1
H and 
13
C peaks are reported 
for all compounds. All pure compounds were additionally characterised by HRMS or 
microanalysis. 
For some amides/imides there are indications of their conformation in solution given by the 
NMR spectra. Thus NMR spectroscopy showed E configuration around C=C for THNP-
2CN-3Ph-am and a predominance of Z configuration with regards to the partial double C-N 
bond in 2,6-diMePh-H-am. For THNP-cHex-im and 2,6-diMePh-cHex-im NMR findings 
could be explained by assuming a conformation where the cyclohex-1-enyl group was within 
the magnetic anisotropy cone of the aromatic ring of the benzoyl group. 
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2.4   Experimental 
Most amides were synthesized by reaction of the relevant amine (THNP-NH2 or 2,6-diMePh-
NH2) with the acyl chloride in dry THF. Triethylamine was used as a catalyst at equimolar 
quantities to the amine and was thoroughly mixed with it, by stirring for 5 minutes, before the 
mixture being added to the dissolved acyl chloride. Triethylamine reacted with the acyl 
chloride immediately upon addition to give triethylamine chloride salt. The reaction was 
vigorous and exothermic thus the temperature at this stage was kept close to 0 
o
C (by 
immersing the reaction vessel in an ice bath) and the addition of the amine / triethylamine 
mixture was performed slowly using a pipette. Once all was added, the temperature was 
brought up to 40 
o
C and the reaction mixture was stirred for the appropriate time. Most 
imides were synthesized by further acylation of the relevant amide with benzoyl chloride in a 
small quantity of dry THF also using triethylamine as catalyst and following a similar 
technique as the one described. The reaction of triethylamine with benzoyl chloride was 
much less vigorous hence cooling was not necessary. The final reaction mixture was refluxed 
and the reaction was much longer than the first acylation.  
TLC was used to assess the progress of the reaction and to check purity; it was performed on 
plastic plates covered with a thin layer of silica gel. 
Isolation of the product was by column chromatography (SiO2; eluting solvent varied with 
each amide) or by washing the reaction mixture with HCl(aq) and / or Na2CO3(aq) and H2O. 
Further purification, when necessary, was by recrystallization usually from DCM / hexane. 
All reagents were used as obtained from commercial sources, without further purification.  
All solvents used for acylation (usually THF) were dried by distillation of the commercially 
available analytical grade solvent under nitrogen and under reduced pressure. Solvents used 
for isolation and purification were used as obtained from commercial sources. 
The melting point of the pure compounds was determined using a Stuart Scientific SMP1 
melting point apparatus. 
Characterisation of the compounds was by NMR spectroscopy and HRMS.  
The spectrometers used for NMR analysis were a Bruker DPX 300 and 500 MHz with 
13
C{
1
H} frequency at 75.5 and 125.8 MHz respectively. All 
13
C spectra were proton 
decoupled (
13
C{
1
H}) but henceforth will be named 
13
C for simplicity. All spectra were 
recorded at 298.15 K. The deuterated solvents were commercially obtained. The NMR 
spectra were considered to show impurities if peaks of organic compounds were visible other 
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than the ones of the target compound and the deuterated NMR solvent. A compound was 
considered to be „homogenous‟ by NMR analysis if impurity peaks were lower than 3 %. 
HRMS was performed in a Waters QTQF premier quadrupole-time-of-flight instrument. 
2.4.1   N-(5,6,7,8-tetrahydro-1-naphthalenyl)propenamide (THNP-H-am)
a
 
Propenoyl chloride (1.09 g, 12.0 mmol) was dissolved in dry THF (20 
ml) in a round bottomed flask fitted with a CaCl2 drying tube and 
cooled to 0 
o
C in an ice bath. To it were added 5,6,7,8-tetrahydro-1-
naphthalenylamine (1.77 g, 12.0 mmol) and triethylamine (1.21 g, 
12.0 mmol) dissolved in a small quantity of dry THF (2 ml) dropwise via a Pasteur pipette. 
The rate of addition was monitored so that the temperature did not rise above 40 
o
C. After all 
of the mixture was added, the round bottomed flask was removed from the ice bath and the 
reaction mixture was stirred at room temperature for 3 h. The precipitate formed (shown by 
1
H NMR spectroscopy to be Et3NH
+ 
Cl
-
) was removed by filtration and the filtrate 
concentrated by evaporation under reduced pressure to give a solid (2.41 g). The solid was 
dissolved in DCM (30 ml) and washed with HCl(aq) 1 mol dm
-3
 (2 x 30 ml), Na2CO3 (aq) 1 mol 
dm
-3
, (2 x 30 ml) and water (2 x 30 ml) before being dried (MgSO4) and concentrated by 
evaporation under reduced pressure to give THNP-H-am as a white solid, mp 134 – 135 oC. 
1
H NMR.
b
 Yield; 1.63 g, 8.1 mmol, 68 %. 
1
H NMR (500 MHz, CDCl3, ppm) δ = 7.66 (bs, 
1H, NH), 7.50 (d, J2‟,3‟ =5.7 Hz, 1H, H2‟), 7.04 (t, J3‟, 2‟/4‟  =7.6 Hz,  1H, H3‟), 6.89 (d, J4‟, 3‟ = 
6.4 Hz, 1H, H4‟), 6.31 – 6.34 (m, 2H, H2, H3cis), 5.66 (dd, J 3trans,3cis = 2.8 Hz, J3trans, 2 = 8.6 
Hz, 1H, H3trans), 2.72 – 2.75 (m, 2H, H5‟), 2.54 – 2.56 (m, 2H, H8‟), 1.72 – 1.77 (m, 4H, 
H6‟, H7‟). 13C NMR (125 MHz, CDCl3, ppm) δ = 164.1 (CO), 138.0 (C10‟), 135.1 (C1‟), 
131.4 (C2), 129.5 (C9‟), 127.1 (C3), 126.6 (C4‟), 125.6 (C3‟), 121.4 (C2‟), 29.8 (C5‟), 24.5 
(C8‟), 22.8 (C6‟ or C7‟), 22.6 (C6‟ or C7‟). Anal. Calcd for C13H15NO: C 77.58, H 7.51, N 
6.96; found C77.54, H 7.56, N 7.00.  HRMS ESI (m/z) calcd for C13H16NO
+
 [M+H]
+
 
202.1232; found 202.123 
                                                 
a
 [CAS Registry number 1156750-93-4] – no published references 
b
 The only significant peak not attributed to THNP-H-am is at δ (ppm) 7.26 (caused by CHCl3 in CDCl3); hence 
the amide is homogenous by 
1
H NMR analysis. 
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2.4.2   N-(5,6,7,8-tetrahydro-1-naphthalenyl)methylpropenamide (THNP-
Me-am)
c
 
Methylpropenoic acid (1.60 g, 18.5 mmol) was mixed with PCl5 
(3.85 g, 18.5 mmol) in a round bottomed flask fitted with a CaCl2 
drying tube. When effervescence stopped the mixture was 
dissolved in dry THF (20 ml) and cooled to 0 
o
C. To it were added 
of THNP-NH2  (2.72 g, 18.5 mmol) and triethylamine (1.87g, 18.5 mmol) dissolved in a small 
quantity of dry THF (2 ml) dropwise via a Pasteur pipette. The rate of addition was 
monitored so that the temperature did not rise above 40 
o
C. The mixture was then removed 
from the ice bath and stirred at 40 
o
C for 3 h. After cooling the precipitate was removed by 
filtration and the filtrate was concentrated by evaporation under reduced pressure. The 
resulting oil was stirred in water for ½ h and impure THNP-Me-am (approximately 97%  by 
1
H NMR analysis) was collected by vacuum filtration as a solid and dried in a dessicator over 
CaCl2 for 12h. Yield 3.07 g 14.3 mmol, 77%.  A sample was purified further by 
recrystallisation (DCM / hexane) to give THNP-Me-am as a white solid, mp 94 – 95 oC, 
purity 97 % by 
1
H NMR analysis.
d,e
 
1
H NMR (500 MHz, CDCl3) δ = 7.75 (d, J2‟,3‟ = 8.0 Hz, 
1H, H2‟), 7.33 (b, 1H, NH), 7.13 (t, J 3‟,2‟/4‟= 7.8 Hz, 1H, H3‟), 6.92 (d, J4‟,3‟ = 7.6 Hz, 1H, 
H4‟), 5.81 (s, 1H, H3cis), 5.45 (s, 1H, H3trans), 2.79 (t, J 5‟,6‟ = 6.3 Hz, 2H, H5‟), 2.60 (t, J 8‟,7‟ = 
6.3 Hz, 2H, H8‟), 2.08 (s, 3H, C3 – CH3), 1.83 – 1.88 (m, 2H, H7‟), 1.75 – 1.79 (m, 2H, 
H6‟). 13C NMR (125 MHz, CDCl3) δ = 166.4 (CO), 141.1 (C2), 138.1 (C10‟), 135.3 (C1‟), 
127.8 (C9‟), 126.2 (C4‟), 125.9 (C3‟), 120.1 (C2‟), 119.8 (C3), 29.8 (C5‟), 24.4 (C8‟), 22.9 
(C7‟), 22.5 (C6‟), 18.8 (C3 – CH3). HRMS ESI (m/z): calcd for C14H18NO
+
  [M+H]
+
 
216.1383; found 216.1
                                                 
c
 [CAS Registry number 951672-47-2] – no published references 
d
 Peaks for CDCl3 were observed at 7.26 ppm and for water (contained in the deuterated solvent) at 1.63 ppm. 
Significant impurity peak was at 1.26 ppm with integral ratio 0.8 relative to 1H of main compound,. This was 
due to traces of EtOAc or hexane and it was 3H or 8H respectively, making it at most 3 % of the main 
compound.. 
e
 The peaks for the two H3 (cis and trans) were allocated based on additivity rules.
28 
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2.4.3   Methyl 2,3-dichloropropanoate 
f
               
Chlorine gas was produced by dropping HCl (conc.) into KMnO4 and then 
purifying and drying the gas produced by bubbling it through water and conc. 
H2SO4 consecutively. The chlorine gas thus produced was bubbled through methyl 
propenoate (10.58 g, 122.9 mmol) in methanol (5 ml) for 2 h at a rate monitored so as to 
maintain the temperature below 40 
o
C. The resulting mixture (15.85 g) contained methyl 2,3-
dichloropropanoate; (GC-MS RT = 6.68 min; 31.7%; LRMS calcd for C4H6Cl2O2: 155.97 
found 155.00). Distillation under reduced pressure (80 – 82 oC) gave a distillate of methyl 
2,3-dichloropropanoate as an oil which was characterised by 
1
H NMR spectroscopy. Yield 
3.67 g, 23.38 mmol, 19 %.   
1
H NMR (300 MHz, CDCl3, ppm) δ = 4.42 (dd, J2, 3a= 8.5 Hz, J2, 
3b = 5.3 Hz, 1H, H2), 3.92 (dd, J3a, 3b = 11.2 Hz, J3a,2 = 8.5 Hz, 1H, H3a), 3.80 (s, 3H, OCH3), 
3.78 (dd, J3b, 3a = 11.2 Hz, J  3b,2 = 5.4 Hz, 1H, H3b).
g
 
13
C NMR (125 MHz, CDCl3, ppm) δ = 
167.4 (C1), 54.9 (C2), 53.3 (OCH3), 43.8 (C3). Published peaks for this compound are at 
13
C 
NMR (60 MHz, CCl4, ppm) δ = 167, 54, 52, 44 
12
 and at 
13
C NMR (270 MHz, CDCl3, ppm) δ 
= 168, 55, 53, 44.
13
 
2.4.4   2-Chloropropenoic acid (3b)
h
  
Methyl 2,3-dichloropropanoate (1.99 g, 12.7 mmol) was added 
dropwise to a stirred suspension of Ba(OH)2  in water (4.98 g in 
 9 ml) and the resulting mixture continued to be stirred at room 
temperature for 24 h. After acidification (2.26 g H2SO4 in 4 ml H2O) the solid was removed 
by filtration and the acid was extracted from the aqueous layer with diethyl ether (5 x 10 ml) 
to which a small amount of hydroquinone (5 mg) had been added. The resulting oil was dried 
(MgSO4) and left in a dessicator (CaCl2) for 2 d. This gave impure 2-chloropropenoic acid as 
a solid. Yield;  499 mg, 4.7 mmol, 33 %. 
1
H NMR (500 MHz, CDCl3, ppm) δ = 9.10 (bs, 
COOH), 6.68 (d, 1H, J3cis, 3trans = 1.6 Hz, H3cis), 6.15 (d, 1H, J3trans, 3cis = 1.6 Hz, H3trans).
i
 
                                                 
f
 [CAS Registry Number: 3674-09-7] 
g
 Significant peaks not attributed to methyl 2,3-dichloropropanoate are at δ (ppm)  3.68 (CH2CHCOOCH3) at 
integral ratio, relative to 1H of main compound,  0.08 (3H). Hence the sample shows 3 % impurity mainly from 
starting material. 
h
  [CAS Registry Number: 598-79-8]  
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13
C NMR (125 MHz, CDCl3) δ = 166.9 (C1), 130.8 (C2), 128.3 (C3). Published peaks for 
this compound are 
1H NMR (DMSO, ppm) δ = 6.50 (d, 1.8 Hz, 1H), 6.16 (d, J = 1.8 Hz, 1H). 
13C NMR (DMSO) δ = 162.48, 131.50, 126.12.16 
Note:  The peaks for the two H3 (cis and trans) were allocated based on additivity rules.
28 
2.4.5   N-(5,6,7,8-tetrahydro-1-naphthalenyl)-2-chloropropenamide (THNP-
Cl-am) 
2-Chloropropenoic acid (1.85 g, 17.7 mmol) was mixed with PCl5 (3.69 
g, 17.7 mmol) in a round bottomed flask fitted with a CaCl2 drying tube. 
When effervescence stopped the mixture was dissolved in dry THF (20 
ml) and cooled to 0 
o
C. To it were added THNP-NH2 (2.60 g,  
17.7 mmol) and triethylamine (1.82 g, 17.7 mmol) dissolved in a small quantity of dry THF 
(4 ml), dropwise via a Pasteur pipette. The rate of addition was monitored so that the 
temperature did not rise above 40 
o
C. The mixture was then removed from the ice bath and 
stirred at 40 
o
C for 3h.  After cooling the precipitate was removed by filtration and the filtrate 
was concentrated by evaporation under reduced pressure to give an oil which slowly 
solidified to give a mixture (4.18 g) that contained the target amide. Impure THNP-Cl-am 
was isolated from a sample of the solid (1g) by column chromatography (SiO2, 50g; DCM / 
hexane / EtOAc 18:1:1). Yield  330 mg, 1.4 mmol, 33 %).  A sample (30 mg) was purified 
further by preparatory thin layer chromatography (SiO2; diethylether / hexane 1:3) to give 
pure THNP-Cl-am, mp 97 – 98 oC, which showed only trace impurities by 1H NMR 
spectroscopy. Yield 20 mg, 0.086 mmol, 22 % .  
1
H NMR (500 MHz, CDCl3, ppm) δ = 8.29 
(bs, 1H, NH), 7.82, (d, J2‟,3‟ =8.0 Hz, 1H, H2‟), 7.15 (t,  J3‟,2‟/4‟ =7.8 Hz, 1H, H3‟), 6.95 (d, 
1H, J4‟,3‟ =7.6 Hz, H4‟), 6.72 (d, 1H,  Jcis,trans =1.3 Hz,  H3cis), 5.90 (d, Jtrane,cis =1.3 Hz, 1H, 
H3trans), 2.80 (t, J5‟,6‟ =6.3 Hz, 2H, H5‟), 2.64 (t, J8‟,7‟ =6.4 Hz, 2H, H8‟), 1.86 – 1.90 (m, 2H, 
H7‟), 1.76 – 1.81 (m, 2H, H6‟).j, k 13C NMR (125 MHz, CDCl3, ppm) δ = 158.5 (CO), 138.2 
(10‟), 134.7 (C1‟), 132.6 (C2), 127.9 (C9‟), 126.7 (C4‟), 126.0 (C3‟), 123.6 (C3), 119.6 
                                                                                                                                                        
i
 The peak, at δ (ppm)  3.45 ppm possibly caused by methanol - used to clean the NMR tube – at integral ratio 
0.06 (3H)  relative to 1H of main compound showing impurity at 2 % but also small peaks from traces of the 
starting material are observed.
 
j
 Significant peaks not attributed to THNP-Cl-am are at δ (ppm) 2.58 (unknown) at integral ratio of 0.07 relative 
to 1H of main compound  and, assuming it is 1H – 3H, suggests an impurity of 2-7 %. 
k
 The peaks for the two H3 (cis and trans) were allocated based on additivity rules.
28
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(C2‟), 29.8 (C5‟), 24.3 (C8‟), 22.8 (C7‟), 22.5 (C6‟). Anal. Calcd for C13H14ClNO: C 66.24, 
H 5.99, N 5.94; found C 66.26, H 6.00, N 5.91. 
2.4.6   2,3,3-Trichloropropenoic acid
l
 
Fuming H2SO4 (5 ml, 20 % SO3) was added slowly to hexachloropropene 
(5.92 g, 24.0 mmol), in a round bottomed flask immersed in an ice bath, 
and the mixture was stirred for 3 h. It was then poured slowly into ice. Impure 2,3,3-
trichloropropenoic acid was collected as a solid by vacuum filtration and dried in a 
dessicator. Yield 2.92 g, 16.6 mmol, 69 %. The product was identified by NMR spectroscopy 
and GC-MS. 
1
H NMR (300 MHz, CDCl3, ppm) δ = 11.78 (bs, OH).
m    13
C NMR (125 MHz, 
CDCl3, ppm) δ = 166.0 (C1), 134.9 (C2), 121.7 (C3). GC-MS RT = 11.75 min; LRMS calcd 
for C3HCl3O2 ; 173.9 found 173.8. Published peaks for this compound are at 
13
C NMR 
(DMSO, ppm) δ = 162 (C=O), 125 (C=C), 123 (C=C).20 
2.4.7   N-(5,6,7,8-tetrahydro-1-naphthalenyl)-2,3,3-trichloropropenamide 
(THNP-2,3,3Cl-am)  
2,3,3-Trichloropropenoic acid (1.90 g, 10.8 mmol) was mixed with 
PCl5 (2.25 g, 10.8 mmol) in a round bottomed flask fitted with a 
CaCl2 drying tube. When effervescence stopped, the mixture was 
dissolved in dry THF (20 ml) and cooled to 0 
o
C. To it were added 
THNP-NH2 (1.59 g, 10.8 mmol) and triethylamine (1.09 g, 10.8 mmol) dissolved in a small 
quantity of dry THF (2 ml), dropwise via a Pasteur pipette. The rate was monitored so that 
the temperature did not rise above  
40 
o
C. The mixture was then removed from the ice bath and stirred at room temperature for 3 
h. After cooling the precipitate was removed by filtration and the filtrate was concentrated by 
evaporation under reduced pressure to give impure target amide as a solid (approximately 70 
% by 
1
H NMR analysis).  Further purification was by column chromatography (SiO2;  
diethylether / hexane 1:3 ) which gave THNP-2,3,3Cl-am as a solid, mp 141 – 142 oC, 
homogenous by 
1
H NMR analysis. Yield 1.00 g, 3.3 mmol, 30 %.  
1
H NMR (500 MHz, 
                                                 
l
  [CAS Registry Number 2257-35-4]  
m
 Significant peaks not attributed to 2,3,3-trichloropropenoic acid are at δ (ppm) 8.96 (possibly 
C(Cl3)CH2COOH), 3.89 (possibly C(Cl3)CH2COOH. GC-MS showed impurities at 13 % . 
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CDCl3, ppm) δ = 7.70 (bs, NH), 7.64 (d, J2‟,3‟= 7.8 Hz, 1H, H2‟), 7.14 (t, J3‟, 2‟/4‟ = 7.8 Hz, 
1H, H3‟), 6.97 (d, J4‟,3‟ = 7.8 Hz, 1H, H4‟), 2.79 (t, J5‟,6‟= 6.1 Hz, 2H, H5‟), 2.62 (t, J8‟,7‟= 6.1 
Hz, 2H, H8‟), 1.84 – 1.88 (m, 2H, H7‟), 1.75 – 1.80 (m, 2H, H6‟).   13C NMR (125 MHz, 
CDCl3, ppm) δ = 158.2 (C1), 138.6 (C10‟), 134.1 (C1‟), 129.0 (C9‟), 127.5 (C4‟), 127.0 
(C2), 126.1 (C3‟), 124.2 (C3), 120.7 (C2‟), 29.9 (C5‟), 24.6 (C8‟), 22.9 (C7‟), 22.6 (C6‟). 
HRMS ESI (m/z) calcd for C13H13Cl3NO
+
 [M+H]
+
  304.0063; found 304.001
2.4.8   2-Cyano-3-phenylpropenoic acid 
n
 
Cyanoethanoic acid (2.55 g, 28 mmol) and lithium bromide (1.04 g, 11 
mmol) were added to benzaldehyde (2.97 g, 28 mmol). The mixture was 
stirred at 80 
o
C for 2 h. More lithium bromide (0.52 g, 5 mmol) was added 
to the mixture which was then left stirring for another 15 minutes at 80 
o
C. 
Then pyridine (3 ml) and piperidine (1.5 ml) were added. The mixture continued being stirred 
at 80 
o
C for another 45 minutes. It was then removed from the heat and when it cooled to 
room temperature crude acid was extracted from the reaction mixture as a thick oil by stirring 
in EtOAc (60 ml). The precipitate produced was filtered off and the filtrate was washed 
(HCl(aq) 0.1 mol dm
-3
, 3 x 60 ml; H2O, 3 x 60 ml). After drying (MgSO4) the solvent was 
removed by evaporation under reduced pressure to give a yellow solid (550 mg) which was 
shown to be impure acid. Purification was carried out by washing with petroleum ether (100 
– 120 oC fraction). The solid thus produced was homogenous by 1H NMR analysis. Yield 300 
mg, 1.7 mmol, 6 %.
 1
H NMR (300 MHz, CDCl3, ppm) δ = 8.32 (s, 1H, H3), 8.02 – 8.05 (m, 
2H, ArH), 7.51 – 7.64 (m, 3H, ArH), 3.56 (bs COOH). 13C NMR (125 MHz, CDCl3, ppm) δ 
= 167.3 (C=O), 157.0 (C3), 134.2 (C4‟), 131.7 (C2‟, C6‟‟), 130.5 (C1‟), 129.7 (C3‟, C5), 
115.2 (CN), 102.3 (C2). Published peaks for this compound are: 
1
H NMR (250 MHz, CDCl3, 
ppm) δ = 8.32 (s, 1H), 8.03 (m, 2H), 7.55 (m, 3H), 5.13 (s, 1H, COOH). 13C (DMSO, ppm) δ 
= 164.21 (C=O), 155.39 (C3), 134.04 (C1‟), 132.57 (C4‟), 131.61 (C3‟, C5‟), 130.24 (C2‟, 
C6‟), 117.03 (CN), 104.91 (C2).26 Also 1H NMR (300 MHz, CDCl3, ppm) δ = 10.86 (b, 1H), 
8.26 (s, 1H), 7,67 (d, J= 8.1 Hz, 2H), 7.24 – 7.42 (m, 3H). 13C (75 MHz, CDCl3, ppm) δ = 
169.76, 160.51, 134.19, 129.04, 127.87, 126.32, 118.72, 101.89.
27
 
                                                 
n
  [CAS Registry Number: 1011-92-3]  
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2.4.9   N-(5,6,7,8 tetrahydro-1-naphthalenyl)-2-cyano-3-phenylpropenamide 
(THNP-2CN-3Ph-am)  
Oxalyl chloride (5 ml, 7.8 g, 58.3 mmol) was added to 2-cyano-3-
phenyl-2-propenoic acid (433 mg, 2.5 mmol) in a round bottomed flask 
dropwise via a Pasteur pipette. The suspension was stirred for 15 
minutes at room temperature and then at 50 
o
C.  After effervescence 
stopped (30 min), N2 was bubbled through the mixture and a yellow solid (479 mg) was 
produced. The solid was dissolved in dry THF (3 ml) and the solution was cooled to 0 
o
C in an 
ice bath. To it were added THNP-NH2 (294.4 mg, 2.0 mmol) and triethylamine (202.4 mg, 2.0 
mmol) dropwise at a rate monitored so that the temperature did not rise above 40 
o
C. The 
mixture was then removed from the ice bath and stirred for 3h at room temperature. Then it was 
filtered to remove the precipitate and the solvent was then removed from the filtrate by 
evaporation under reduced pressure to give impure THNP-2CN-3Ph-am as a solid 
(approximately 95 % by 
1
H NMR analysis). Yield of impure 540 mg, 1.78 mmol, 89 %. A 
sample of it was purified further by recrystallization from DCM and hexane to produce pure 
target amide as a white solid, mp 149 – 150 oC, homogenous by 1H NMR. 1H NMR (300 MHz, 
CDCl3, ppm) δ = 8.44 (s, 1H, H3), 7.97 – 8.00 (m, 3H, C6H5CH=C ortho, NH), 7.82 (d, 1H, J2‟, 3‟ 
= 7.9 Hz, H2‟), 7.49 – 7.60 (m, 3H, C6H5CH=C meta and para), 7.15 (t, 1H, J3‟, 2‟/4‟= 7.9 Hz, 
H3‟), 6.98 (d, 1H, J4‟. 3‟= 7.9 Hz, H4‟), 2.82 (t, 2H, J5‟, 6‟ = 6.2 Hz, H5‟),  2.70 (t, 2H, J8‟, 7‟ = 6.2 
Hz), H8‟), 1.86 – 1.94 (m, 2H, H7‟), 1.74 – 1.83 (m, 2H, H6‟).o  13C NMR (125 MHz, CDCl3, 
ppm) δ = 158.2 (C=O), 153.8 (C3), 138.8 (C10‟), 134.8 (C1‟), 133.3 (C6H5CH=C, para), 132.0 
(C6H5CH=C, ipso), 131.0 (C6H5CH=C, ortho), 129.5 (C6H5CH=C, meta), 128.6 (C9‟), 127.4 
(C4‟), 126.3 (C3‟), 120.2 (C2‟), 117.4 (CN), 104.1 (C2), 30.0 (C5‟ or C6‟), 24.5 (C8‟), 23.0 
(C7‟), 22.6 (C5‟ or C6‟). HRMS ESI (m/z) calcd for C20H19N2O 
+
 [M+H]
+
  303.1492; found 
303.1489. 
 
 
                                                 
o
 Significant peaks not attributed to THNP-2CN-3Ph-am are at δ (ppm) 3.56 (COOH of the starting material). The 
integral ratio was 0.02 (1H) relative to 1H of main compound,  showing 2 % impurity.  
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2.4.10   N-(5,6,7,8-tetrahydro-1-naphthalenyl)cyclohex-1-enyl-1-carboxamide 
(THNP-cHex-am)
p
 
                   (Synthesis of this compound has been reported by Sakamoto et al.) 
37
 
Cyclohex-1-enyl-1-carboxylic acid (1.50 g, 11.9 mmol) was mixed with 
PCl5 (2.48 g, 11.9 mmol) in a round bottomed flask fitted with a CaCl2 
drying tube. When effervescence stopped, the mixture was dissolved in 
dry THF (20 ml) and cooled to 0 
o
C. To it were added 5,6,7,8-
tetrahydro-1-naphthalenylamine (1.75 g, 11.9 mmol) and triethylamine (1.20 g, 11.9 mmol) 
dissolved in a small quantity of dry THF (2 ml), dropwise via a Pasteur pipette. The rate was 
monitored so that the temperature did not rise above 40 
o
C. The mixture was then removed from 
the ice bath and stirred at 40 
o
C for 3 h. After cooling the precipitate was removed by filtration 
and the filtrate was concentrated by evaporation under reduced pressure. The resulting oil was 
stirred in water for ½ h and impure THNP-cHex-am was collected as a solid (2.27 g) by vacuum 
filtration and dried in a dessicator over CaCl2 for 12 h. Column chromatography (SiO2 150 g; 
DCM / EtOAc 5:1) gave THNP-cHex-am as a solid, mp 141 – 142 oC,  homogeneous by 1H 
NMR analysis. Yield 1.22 g, 4.8 mmol, 40 %.
1
H NMR (500 MHz, CDCl3, ppm) δ = 7.75  (d, 
J2‟,3‟ = 7.8 Hz, 1H, H2‟), 7.24 (bs, 1H, NH), 7.11 (t, J3‟,2‟ / 4‟ = 7.8 Hz, 1H, H3‟), 6.90 (d, J4‟,3‟ = 
7.8 Hz, 1H, H4‟), 6.75 – 6.77 (m, 1H, H2), 2.78 (t, J5‟,6‟ = 6.2 Hz, 2H, H5‟), 2.59 (t, J8‟,7‟ = 6.2 
Hz, 2H, H8‟), 2.34 – 2.38 (m, 2H, H3), 2.17 – 2.25 (m, 2H, H6), 1.83 – 1.88 (m, 2H, H7‟), 1.72 
– 1.79 (m, 4H, H5 and H6‟), 1.62 – 1.67 (m, 2H, H4).q 13C NMR (125 MHz, CDCl3, ppm) δ = 
166.7 (C=O), 138.1 (C10‟), 135.7 (C1‟), 134.4 (C1), 134.1 (C2), 127.9 (C9‟), 126.03 (C4‟), 
125.99 (C3‟), 120.3 (C2‟), 30.0 (C5‟), 25.7 (C6), 24.62 (C8‟ or C3), 24.60 (C8‟ or C3), 23.1 
(C7‟), 22.7 (C6‟), 22.3 (C5), 21.7 (C4). HRMS ESI (m/z) calcd for C17H22NO
+
 [M+H]
+
  
256.1696;  found 256.1719. 
 
                                                 
p
 [CAS Registry Number: 494761-73-8] – Synthesis reported by Sakamoto et al.  
 
q
 Significant peaks not attributed to THNP-cHex-am is at δ (ppm) 5.30 (DCM, 2H) with integral ratio 0.02 relative 
to 1H of main compound, showing 1 % impurity.  The amide is homogenous by 
1
H NMR analysis. 
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2.4.11   N-(2,6-dimethylphenyl)propenamide (2,6-diMePh-H-am) 
r
 
Propenoyl chloride (1.67 g, 18.5 ml) was dissolved in dry THF (20 ml) 
and cooled to 0 
o
C. To it were added 2,6-dimethylphenylamine (2.24 g,  
18.5 mmol) and triethylamine (1.87 g, 18.5 mmol) dissolved in a small 
quantity of dry THF (2 ml), dropwise via a Pasteur pipette and the rate 
monitored manually so that the temperature did not rise above 40 
o
C. The 
mixture was then removed from the ice bath and stirred at 40 
o
C for 3 h. After cooling the 
precipitate was removed by filtration and the filtrate was concentrated by evaporation under 
reduced pressure to give a solid (2.67 g, identified as crude amide by 
1
H NMR spectroscopy). A 
sample (1 g) was purified by refluxing in DCM / hexane (4:1) to give 2,6-diMePh-H-am as a 
solid mp 142 – 143 oC, homogenous by 1H NMR analysis. Yield (of pure vs crude) 600 mg, 3.42 
mmol, 49 %. 
1
H NMR (500 MHz, CDCl3) δ = 7.08 – 7.10 (m, 2H, H4‟, NH), 7.04 – 7.06 (m, 2H, 
H3‟, H5‟), 6.37 (dd, J3cis,2 = 17.0 Hz, J3cis,3trans = 2.3 Hz, 1H, H3cis), 6.32 (dd, J2,3cis = 17.0 Hz, 
J2,3trans = 9.4 Hz, 1H, H2), 5.73 (dd, J3trans,2 = 9.4 Hz, J3trans,3cis = 2.3 Hz, 1H, H3trans), 2.20 (s, 6H, 
C2‟–CH3 and C6‟–CH3);   
13
C NMR (125 MHz, CDCl3) δ = 164.0 (C1), 135.5 (C2‟, C6‟), 133.5 
(C1‟), 130.6 (C2), 128.2 (C3‟, C5‟), 127.4 (C4‟), 127.3 (C3), 18.4 (C2‟–CH3, C6‟–CH3). Isomer 
peaks were observed in the same sample at 
1
H NMR (500 MHz, CDCl3) δ = 7.17 (bdd, 1H, H4‟), 
7.11 (bd, 3H, H3‟, H5‟, NH), 6.47 (dd, J3cis,2 = 16.9 Hz, J3cis,3trans = 1.9 Hz, 1H, H3cis), 5.90 (dd, 
J2,3cis = 16.9 Hz, J2,3trans = 10.4 Hz, 1H, H2), 5.61 (dd, J3trans,2 = 10.4 Hz, J3trans,3cis = 1.3 Hz, 1H, 
H3trans), 2.24 (s, 6H, C2‟–CH3 and C6‟–CH3); 
13
C NMR (125 MHz, CDCl3) δ = 167.1 (C1), 
136.9 (C2‟, C6‟), 134.0 (C1‟), 129.7 (C2), 128.6 (C3‟, C5‟), 128.3 (C4‟), 126.3 (C3), 18.6 (C2‟–
CH3, C6‟–CH3). The ratio of integration for 1H shows the isomer to be at molar ratio 27 % to the 
main product. Peaks observed with other NMR solvents were:
1H NMR (300 MHz, DMSO) δ = 
9.45 (bs, 1H, NH), 7.08 (s, 3H, H3‟, H4‟, H5‟), 6.48 (dd, J2,3trans = 10.1 Hz, J2,3cis = 17.1 Hz, 1H, 
H2), 6.21 (dd, J3cis,2 = 17.1 Hz, J3cis,3trans = 2.1 Hz, 1H, H3cis), 5.73 (dd, J3trans,2 = 10.2 Hz, 
J3trans,3cis = 2.0 Hz, 1H, H3trans), 2.13 (s, 6H, C2‟–CH3 and C6‟–CH3);  
1
H NMR (300 MHz, 
MeOD) δ = 7.10 (s, 3H, H3‟, H4‟, H5‟), 6.51 (dd, J2,3trans = 10.1 Hz, J2,3cis = 17.0 Hz, 1H, H2), 
6.35 (dd, J3cis,2 = 17.1 Hz, J3cis,3trans = 1.8 Hz, 1H, H3cis), 5.80 (dd, J3trans,2 = 10.1 Hz, J3trans,3cis = 
1.8 Hz, 1H, H3trans), 2.20 (s, 6H, C2‟–CH3 and C6‟–CH3). GC-MS showed one product (RT = 
15.7 – 15.9 min); LRMS calcd for C11H13NO ; 175.1 found 175.1. Anal. calcd for C11H13NO: C 
75.40, H 7.48, N 7.99; found C 74.96, H 7.63, N 7.57. 
                                                 
r
 [CAS Registry Number: 104373-94-6] 
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2.4.12   N-(2,6-dimethylphenyl)methylpropenamide (2,6-diMePh-Me-am)
s
 
Methylpropenoic acid (3.19 g, 37.0 mmol) was mixed with PCl5 (7.70 
g, 37.0 mmol) in a round bottomed flask fitted with a CaCl2 drying 
tube. When effervescence stopped, the mixture was dissolved in dry 
THF (20 ml) and cooled to 0 
o
C. To it were added 2,6-
dimethylphenylamine (4.48 g, 37.0 mmol) and triethylamine (3.74 g, 
37.0 mmol) dissolved in a small quantity of dry THF (2 ml), dropwise via a Pasteur pipette. The 
rate was monitored so that the temperature did not rise above 40 
o
C. The mixture was then 
removed from the ice bath and stirred at 40 
o
C for 3 h. After cooling the precipitate was removed 
by filtration and the filtrate was concentrated by evaporation under reduced pressure. The 
resulting oil was stirred in water for  ½ h and the solid thus produced (4.98 g) was collected by 
filtration and purified by recrystallisation from DCM / hexane to give 2,6-diMePh-Me-am as a 
white solid, mp 94 – 95 oC. Yield 4.78 g, 25.3 mmol, 68 %; 1H NMR (500 MHz, CDCl3) δ = 
7.26 (bs, 1H, NH), 7.09 (bdd, 1H, H4‟), 7.05 (d, J3‟/5‟, 4‟ = 7.8 Hz, 2H, H3‟, H5‟), 5.79 (s, 1H, 
H3cis), 5.40 (s, 1H, H3trans), 2.182 (s, 3H, C2‟–CH3 or C6‟–CH3), 2.177 (s, 3H, C2‟–CH3 or C6‟–
CH3),  2.03 (s, 3H, C2–CH3);
t
   
13
C NMR (125 MHz, CDCl3) δ = 167.1 (C1), 140.4 (C2), 135.6 
(C2‟, C6‟), 133.9 (C1‟), 128.2 (C3‟, C5‟), 127.3 (C4‟), 119.8 (C3), 19.0 (C2–CH3), 18.4 (C2‟–
CH3, C6‟–CH3); HRMS ESI (m/z): [M+Na]
+
 calcd for C12H15NONa 212.1051; found 212.1042. 
2.4.13   N-(2,6-dimethylphenyl)-2-chloropropenamide (2,6-diMePh-Cl-am)   
2-Chloropropenoic acid (435 mg, 4.08 mmol) was mixed with PCl5 
(850 mg, 4.08 mmol) in a round bottomed flask fitted with a CaCl2 
drying tube. When effervescence stopped the mixture was dissolved 
in dry THF (20 ml) and cooled to 0 
o
C. To it were added 2,6-
dimethylphenylamine (494 mg, 4.08 mmol) and triethylamine (413 
mg, 4.08 mmol) dissolved in a small quantity of dry THF (2 ml), dropwise via a Pasteur pipette. 
The rate of addition was monitored so that the temperature did not rise above 40 
o
C. The mixture 
was then removed from the ice bath and stirred at 40 
o
C for 12 h. After cooling the precipitate 
was removed by filtration and the filtrate was concentrated by evaporation under reduced 
                                                 
s
 [CAS Registry Number: 54054-63-6] 
t
 Significant peaks not attributed to 2,6-diMePh-Me-am are at δ (ppm) 2.14, 2.12, 1.82 and 1.22 which could not be 
attributed  to a specific compound. The integral ratio for these peaks is 0.1 – 0.2 hence impurity levels are at 10 – 20 
%. 
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pressure. The resulting oil was stirred in water for ½ h. The solid thus produced (729 mg) was 
collected by filtration and dried in a dessicator over CaCl2 for 12 h. Column chromatography 
(SiO2, 80 g; hexane / EtOAc 3:2) gave impure 2,6-diMePh-Cl-am as a solid. Yield 186 mg, 0.9 
mmol, 22 %. A sample of the amide was purified by recrystallisation from DCM / hexane to give 
a solid, mp 82 – 83 oC, homogenous by 1H NMR. 1H NMR (500 MHz, CDCl3, ppm) δ = 7.90 
(bs, 1H, NH), 7.15 (bdd, 1H, H4‟), 7.10 (bd, 2H, H3‟, H5‟), 6.71 (d, J3cis, 3trans = 1.3 Hz, 1H, 
H3cis), 5.91 (d, J3trans, 3cis = 1.3 Hz, 1H, H3trans), 2.25 (s, 6H, C2‟ – CH3, C6‟ – CH3); 
u
  
13
C NMR 
(125 MHz, CDCl3, ppm) δ = 159.1 (C1), 135.3 (C2‟, C6‟), 133.0 (C1‟), 132.1 (C2), 128.3 (C3‟, 
C5‟), 127.8 (C4‟), 123.6 (C3), 18.4 (C2‟ – CH3, C6‟ – CH3). HRMS ESI (m/z) calcd for 
C11H13ClNO
+
 [M+H]
+
  210.6795 found 210.0625. 
2.4.14   N-(2,6-dimethylphenyl)-2,3,3-trichloropropenamide (2,6-diMePh-
2,3,3Cl-am)
v
 
2,3,3-Trichloropropenoic acid (3.33 g, 19.0 mmol) was mixed with 
PCl5 (3.96 g, 19.0 mmol) in a round bottomed flask fitted with a CaCl2 
drying tube. When effervescence stopped, the mixture was dissolved 
in dry THF (20 ml) and cooled to 0 
o
C. To it were added 2,6-
dimethylphenylamine (2.30 g, 19.0 mmol) and triethylamine (1.92 g, 
19.0 mmol) dissolved in a small quantity of dry THF (2 ml), dropwise via  a Pasteur pipette. The 
rate of addition was monitored so that the temperature did not rise above 40 
o
C. The mixture was 
then removed from the ice bath and stirred at 40 
o
C for 3 h. After cooling the precipitate was 
removed by filtration and the filtrate was concentrated by evaporation under reduced pressure. 
The resulting oil was stirred in water for ½ h and impure 2,6-diMePh-2,3,3Cl-am (approximately 
70 % by 
1
H NMR) was collected by vacuum filtration as a solid. Yield 4.98 g, 17.9 mmol, 94 %.  
A small sample of this was purified by recrystallisation (DCM / hexane) to give 2,6-diMePh-
2,3,3Cl-am as a white solid, mp 186 – 187 oC, homogenous by 1H NMR. 1H NMR (500 MHz, 
CDCl3, ppm) δ = 7.41 (bs, 1H, NH), 7.14 (bdd, 1H, H4‟), 7.08 (bd, 2H, H3‟, H5‟), 2.25 (s, 6H, 
C2‟ – CH3, C6‟ – CH3);  
13
C NMR (125 MHz, CDCl3, ppm) δ = 159.0 (C1), 135.7 (C2‟, C6‟), 
                                                 
u
 Significant peaks not attributed to  2,6-diMePh-Cl-am are at δ (ppm) 1.26 (hexane) with integral ratio 0.7 (8H) 
relative to 1H of main compound, showing impurity at approximately 1%.  The amide is homogenous by 
1
H NMR 
analysis. 
v
 [CAS Registry Number: 861211-88-3] 
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132.2 (C1‟), 128.6 (C3‟, C5‟), 128.3 (C4‟), 126.4 (C2), 123.9 (C3), 18.5 (C2‟ – CH3, C6‟ – 
CH3). HRMS ESI (m/z) calcd for C11H11Cl3NO
+
 [M+H]
+
  277.9906;  found 277.9932. 
 
 
2.4.15   N-(2,6-dimethylphenyl)cyclohex-1-enyl-1-carboxamide (2,6-diMePh-
cHex-am) 
Cyclohex-1-enyl-1-carboxylic acid (1.50 g, 11.9 mmol) was mixed with PCl5 
(2.48 g, 11.9 mmol) in a round bottomed flask fitted with a CaCl2 drying 
tube. When effervescence stopped, the mixture was dissolved in dry THF (20 
ml) and cooled to 0 
o
C. To it were added 2,6-dimethylphenylamine (1.44 g, 11.9 
mmol) and triethylamine (1.20 g, 11.9 mmol) dissolved in a small quantity of dry THF (2 
ml), dropwise via a Pasteur pipette. The rate of addition was monitored so that the temperature 
did not rise above 40 
o
C. The mixture was then removed from the ice bath and stirred at 40 
o
C 
for 3 h. After cooling the precipitate was removed by filtration and the filtrate was concentrated 
by evaporation under reduced pressure. The resulting mixture of a solid in oil was stirred in 
water for ½ h and impure 2,6-diMePh-cHex-am was collected as a solid (2.05 g) by vacuum 
filtration and dried in a dessicator over CaCl2 for 12 h. Column chromatography (SiO2, 50 g; 
DCM / EtOAc 12:1) gave pure 2,6-diMePh-cHex-am as a solid, mp 184 – 185 oC, homogenous 
by 
1
H NMR. Yield 925 mg, 4.0 mmol, 34 %.
1
H NMR (500 MHz, CDCl3, ppm) δ = 7.07 – 7.12 
(m, 3H, H3‟, H4‟, H5‟), 6.91 (bs, NH), 6.78 – 6.79 (m, 1H, H2), 2.38 (bd, 2H, H3), 2.23- 2.24 
(m, 8H, H6,  C2‟ – CH3, C6‟-CH3), 1.74 – 1.78 (m, 2H, H5), 1.64 – 1.71 (m, 2H, H4);  
13
C NMR 
(125 MHz, CDCl3, ppm) δ = 166.9 (C=O), 135.5 (C2‟, C6‟), 134.1 (C2), 134.0 (C1), 133.4 
(C1‟), 128.2 (C3‟, C5‟), 127.1 (C4‟), 25.4 (C6), 24.6 (C3) , 22.2 (C5), 21.5 (C4), 18.5 (C2‟ – 
CH3, C6‟ – CH3). HRMS ESI (m/z) calcd for C15H19NONa [M+Na]
+
  252.1364;  found 
252.1387. 
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2.4.16   N-benzoyl-N-(5,6,7,8-tetrahydro-1-naphthalenyl)propenamide 
(THNP-H-im) 
N-(5,6,7,8-tetrahydro-1-naphthalenyl)propenamide (4.43 g, 22 mmol) 
was dissolved in dry tetrahydrofuran (20 ml), triethylamine (2.23 g, 
22 mmol) was added and the solution was refluxed for 90 min before being 
added to benzoyl chloride (3.09 g, 22 mmol) in a round bottomed flask fitted with  a 
CaCl2 drying tube,  dropwise via a Pasteur pipette. The reaction mixture was refluxed for 24 h. 
After cooling the precipitate was removed by filtration and the filtrate was concentrated by 
evaporation under reduced pressure. This gave an oil (6.5 g). Column chromatography (SiO2, 
200g;  DCM / hexane / EtOAc  3:2:1) gave THNP-H-im as a colourless oil, mp 53 – 55 o,  
homogenous by 
1
H NMR, which crystallized after remaining in a sample bottle for 5 months at 
room temperature. Yield 2.38 g, 7.8 mmol, 35 %.
1
H NMR (500 MHz, CDCl3, ppm) δ = 7.70 (dd, 
J2‟‟ / 6‟‟, 3‟‟ / 5‟‟ = 8.4 Hz, J2‟‟, 4‟‟ = 1.1 Hz, 2H, H2‟‟, H6‟‟), 7.49 (dt, J4‟‟, 3‟‟/5‟‟ = 7.5 Hz, J4‟‟, 2‟‟ / 6‟‟ = 
1.1 Hz, 1H, H4‟‟), 7.40 (t, 2H, J3‟‟/ 5‟‟, 4‟‟/ 2‟‟/ 6‟‟ = 7.7 Hz, 1H, H3‟‟, H5‟‟), 7.13 – 7.18 (m, 2H, 
H2‟, H3‟), 6.97 (dd, J4‟, 3‟ = 7.0 Hz, J4‟, 2‟ = 1.1 Hz, 1H, H4‟), 6.46 (dd, J3cis, 2 = 16.8 Hz, J3cis, 3trans 
= 1.5 Hz, 1H, H3cis), 6.25 (dd, J2, 3cis = 16.8 Hz, J2, 3trans 10.2 Hz, 1H, H2), 5.70 (dd, J3trans, 2 = 
10.2 Hz, J3trans, 3cis = 1.5 Hz, 1H, H3trans), 2.83 (t, J5‟, 6‟ = 6.7 Hz, 2H, H5‟), 2.64 (t, J8‟, 7‟ = 6.7 Hz, 
2H, H8‟), 1.76 – 1.85 (m, 4H, H6‟, H7‟);  13C NMR (125 MHz, CDCl3, ppm) δ = 172.8 (COPh), 
168.4 (C1), 139.5 (C10‟), 137.3 (C1‟), 135.4 (C1‟‟), 135.2 (C9‟), 132.1 (C4‟‟), 130.7 (C3), 130.2 
(C2‟), 129.8 (C2), 128.7 (C3‟‟, C5‟‟), 128.4 (C2‟‟, C6‟‟), 126.8 (C4‟), 126.4 (C3‟), 29.6 (C5‟), 
25.2 (C8‟), 22.7 (C6‟ or C7‟), 22.6 (C6‟ or C7‟). HRMS ESI (m/z) calcd for C20H19NO2Na 
[M+Na]
+
  328.1308;  found 328.1328. 
2.4.17   N-benzoyl-N-(5,6,7,8-tetrahydro-1-naphthalenyl)methylpropenamide 
(THNP-Me-im) 
N-(5,6,7,8-tetrahydro-1-naphthalenyl)methylpropenamide (830 
mg, 3.85 mmol) and triethylamine (430 mg, 4.2 mmol) were 
dissolved in hot (60 
o
C) dry THF (3 ml) in a round bottomed flask. 
The mixture was stirred at 60 
o
C for 10 minutes. Benzoyl chloride 
(1.08 g, 7.7 mmol) was stirred in dry tetrahydrofuran (2 ml) at 60 
o
C in another round bottomed 
flask fitted with a drying tube (CaCl2). The amide / triethylamine mixture was added to it slowly. 
The mixture was refluxed for 24h. It was then filtered and the solvent was removed from the 
filtrate by evaporation under reduced pressure. This gave a brown solid (1.33 g) which was 
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stirred in Na2CO3 (aq) (1 mol dm
-3
, 30 ml) for 10 minutes at room temperature. The solid was then 
removed by filtration under reduced pressure and stirred in hexane (30 ml) for further 30 minutes 
before once again being  removed form hexane by filtration under reduced pressure. Yield 580 
mg, 1.8 mmol, 47 %.  Recrystallisation from DCM / hexane gave THNP-Me-im as a white solid, 
mp 170 – 171 oC, homogenous by 1H NMR. Yield 244 mg, 0.76 mmol, 20 %.  1H NMR (500 
MHz, CDCl3) δ = 7.67 (dd, J2‟‟/6‟‟,3‟‟/5‟‟=7.9 Hz, J 2‟‟/6‟‟, 4‟‟ = 1.4 Hz, 2H, H2‟‟, H6‟‟), 7.48 (t, J 
4‟‟,3‟‟/5‟‟=7.5 Hz, 1H, H4‟‟), 7.39 (t, J3‟‟/5‟‟, 2‟‟/6‟‟/4‟‟ = 7.5 Hz, 2H, H3‟‟, H5‟‟), 7.06 – 7.11 (m, 2H, 
H2‟, H3‟), 6.85 (dd, J4‟,3‟= 7.3 Hz, J4‟,2‟= 1.5 Hz, 1H, H4‟), 5.68 (s, 1H, H3cis), 5.36 (d, J3trans, 3cis 
=1.3 Hz, 1H, H3trans), 2.81(t, J5‟,6‟ = 5.5 Hz, 2H, H5‟), 2.65 – 2.69 (m, 2H, H8‟), 1.87 (s, 3H, C2–
CH3), 1.74 – 1.83 (m, 4H, H6‟, H7‟);  
13
C NMR (125 MHz, CDCl3) δ = 174.7 (C1), 173.4 
(COPh), 142.5 (C2), 139.5 (C9‟), 138.6 (C1‟), 136.0 (C1‟‟), 134.8 (C10‟), 132.4 (C4‟‟), 129.8 
(C2‟), 129.1 (C3‟‟, C5‟‟), 128.8 (C2‟‟, C6‟‟), 126.4 (C3‟), 125.8 (C4‟), 122.4 (C3), 29.8 (C5‟), 
25.4 (C8‟), 22.9 (C6‟ or C7‟), 22.8 (C6‟ or C7‟), 19.0 (C2-CH3). HRMS ESI (m/z) calcd for 
C21H23NO2
+
 [M+H]
+
  320.1645; found 320.1645. 
2.4.18   N-benzoyl-N-(5,6,7,8-tetrahydro-1-naphthalenyl)-2,3,3-
trichloropropenamide (THNP-2,3,3Cl-im)  
N-(5,6,7,8-tetrahydro-1-naphthalenyl)-2,3,3-trichloropropenamide 
(1.20 g, 3.9 mmol) was dissolved in dry THF (5 ml), triethylamine 
(395 mg, 3.9 mmol) was added and the solution was refluxed for 1½ 
h before being added to benzoyl chloride (548 mg, 3.9 mmol) 
dissolved in a small quantity of dry THF (2 ml) in a round bottomed 
flask fitted with  a CaCl2 drying tube,  dropwise via  a Pasteur pipette. The reaction mixture was 
refluxed for 24 h. After cooling the precipitate was removed by filtration and the filtrate was 
concentrated by evaporation under reduced pressure. This gave a mixture of a solid in viscous 
oil. The oil was separated using a Pasteur pipette and shown by 
1
H NMR to be other than the 
target imide. The solid (900 mg) which was shown by 
1
H NMR to be impure THNP-2,3,3Cl-im 
was recrystallised from DCM / hexane to give pure THNP-2,3,3Cl-im as a solid, mp 100 – 101 
o
C, yield 700 mg, 1.7 mmol, 44 %. 
1
H NMR (500 MHz, CDCl3, ppm) δ = 7.69 (dd, J2‟‟/6‟‟,3‟‟/7‟‟ = 
87.7 Hz, J2‟‟/6‟‟, 4‟‟ = 1.3 Hz, 2H, H2‟‟, H6‟‟), 7.49 (t, J4‟‟, 3‟‟/5‟‟ = 7.5 Hz, 1H, H4‟‟), 7.38 (t, J 3‟‟/5‟‟, 
2‟‟/6‟‟/ 4‟‟ = 7.8 Hz, 2H, H3‟‟, H5‟‟), 7.13 (t, 1H, J3‟,2‟/4‟ = 7.2 Hz H3‟), 7.10 (bd, 1H, H2‟), 7.01 (d, 
J4‟,3‟ = 7.2 Hz, J4‟,2‟ = 1.5 Hz, 1H, H4‟), 2.77 – 2.81 (m, 2H, H5‟), 2.69 – 2.75 (m, 1H, H8a‟), 
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2.51 – 2.57 (m, 1H, H8b‟), 1.75 – 1.82 (m, 3H, H6‟, H7a‟), 1.68 – 1.72 (m, 1H, H7b‟);w  13C 
NMR (125 MHz, CDCl3, ppm) δ = 171.7 (COPh), 164.2 (C1), 139.7 (C9‟), 136.4 (C1‟), 135.1 
(C10‟), 133.9 (C1‟‟), 132.9 (C4‟‟), 130.7 (C2‟), 129.2 (C2‟‟, C6‟‟), 128.6 (C3‟‟, C5‟‟), 126.4 
(C3‟), 126.1 (C2), 126.0 (C4‟), 124.3 (C3), 29.7 (C5‟), 25.4 (C8‟), 22.71 (C6‟ or C7‟), 22.66 
(C6‟ or C7‟). HRMS ESI (m/z) calcd for C20H17Cl3NO2
+
 [M+H]
+
  408.0319;  found 408.0340. 
2.4.19   N-benzoyl-N-(5,6,7,8-tetrahydro-1-naphthalenyl)-2-cyano-3-
phenylpropenamide (THNP-2CN-3Ph-im)  
N-(5,6,7,8-tetrahydro-1-naphthalenyl)-2-cyano-3-phenylacrylamide 
(302 mg, 1 mmol) was stirred in pyridine (4 ml, 3.93 g, 50 mmol) 
and toluene (4 ml) for 15 minutes in a round bottomed flask fitted 
with a CaCl2 drying tube. To this were added benzoyl chloride (309 
mg, 2.2 mmol) and dimethylaminopyridine (269 mg, 2.2 mmol) and the final mixture was 
refluxed for 5 h. After cooling the reaction mixture was washed with HCl(aq) 1 mol dm
-3
  (2 x 25 
ml) in a separating funnel. The organic layer was dried (MgSO4) and the solvent removed by 
evaporation under reduced pressure. The imide was isolated by column chromatography (SiO2; 
Hexane / DCM / EtOAc  2:1:1) to give 30 mg of yellow solid. Further purification was by 
recrystallization from the same solvent as for the column. This gave a small quantity of imide as 
a solid, mp 209 – 210 oC,  yield 5 mg, 0.012 mmol, 0.5 %. 1H NMR (500 MHz, CDCl3, ppm) δ =  
8.13 (s, 1H, H3), 7.92 (d, Jortho, meta = 7.4 Hz, 2H, C6H5CH=C, ortho), 7.72 (d, 2H, J2‟‟/6‟‟, 3‟‟/5‟‟ = 
7.7 Hz, 2H, H2‟‟, H6‟‟), 7.54 (t, 1H, J4‟‟, 3‟‟/5‟‟ = 7.5 Hz, H4‟‟), 7.46 – 7.49 (m, 3H, C6H5CH=C, 
meta and para), 7.37 (t, J3‟‟/5‟‟,2‟‟/6‟‟/4‟‟ = 7.7 Hz, 2H, H3‟‟, H5‟‟), 7.10 (d, J2‟,3‟ = 7.6 Hz, 1H, 
H2‟), 7.07 (t, J3‟,2‟/4‟ = 7.6 Hz, H3‟ ), 6.84 (d, J4‟,3‟ = 7.7 Hz, H4‟), 2.81 – 2.83 (m, 2H, H5‟), 2.70 
– 2.74 (m, 2H, H8‟), 1.76 – 1.91 (m, 4H, H6‟, H7‟);x  13C NMR (125 MHz, CDCl3, ppm) δ = 
173.01 (PhCO), 167.7 (C1), 154.9 (C3), 139.9 (C10‟), 137.2 (C9‟), 135.0 (C1‟‟), 134.0 (C1‟), 
133.4 (C4‟‟), 132.8 (C6H5CH=C, para), 132.0 (C6H5CH=C, ipso), 131.2 (C6H5CH=C, ortho), 
130.5 (C2‟), 129.44 (C2‟‟, C6‟‟), 129.40 (C6H5CH=C, meta), 128.8 C3‟‟, C5‟‟), 126.7 (C4‟), 
126.4 (C3‟), 115.7 (CN), 107.5 (C2), 29.8 (C5‟), 25.6 (C8‟), 22.9 (C7‟), 22.8 (C6‟).  HRMS ESI 
(m/z): calcd for C27H23N2O2 [M + H]
+
 407.1754; found 407.1753. 
                                                 
w
 Significant peaks not attributed to THNP-2,3,3Cl-im are at δ (ppm)  8.11 (benzoyl chloride). The peak has integral 
ratio 0.1 (2H) relative to 1H of main compound, indicating impurity at 5 %.  
x
 Significant peaks not attributed to THNP-2CN-3Ph-im are at δ (ppm) 1.26 (hexane) and 0.88 (hexane). The 
integral ratio of the hexane peaks  is 0.58 (8H) and 0.39 (6H) respectively, relative to 1H of the main compound,  
indicating impurity at 7 %. 
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2.4.20   N-benzoyl-N-(5,6,7,8-tetrahydro-1-naphthalenyl)cyclohex-1-enyl-1-
carboxamide (THNP-cHex-im) 
N-(5,6,7,8-tetrahydro-1-naphthalenyl)cyclohex-1-enyl-1-carboxamide 
(960 mg, 3.8 mmol) was dissolved in dry THF (5 ml), triethylamine (380 
mg, 3.8 mmol) was added and the solution was refluxed for 90 min 
before being added to benzoyl chloride (521 mg, 3.8 mmol) dissolved in 
a dry THF (2 ml) in a round bottomed flask fitted with  a CaCl2 drying tube,  dropwise via  a 
Pasteur pipette. The reaction mixture was refluxed for 24 h. After cooling the precipitate was 
removed by filtration and the filtrate was concentrated by evaporation under reduced pressure. 
This gave an oil which was stirred in water for ½ h and the solid produced (1.89 g) was collected 
by vacuum filtration. Column chromatography (SiO2; 100 g, DCM / EtOAc  9:1) gave impure 
THNP-cHex-im as a solid (approximately 90 % by 
1
H NMR). Yield 377 mg, 1.0 mmol, 26 %. A 
sample of the solid was purified further by recrystallisation (DCM / hexane) to give a purer solid, 
mp 186 – 187 oC; 1H NMR (500 MHz, CDCl3, ppm) δ = 7.64 (d, J2‟‟/6‟‟,3‟‟/5‟‟ = 7.7 Hz, 2H, H2‟‟, 
H6‟‟), 7.48 (t, J4‟‟, 3‟‟/5‟‟ = 7.7 Hz,1H, H4‟‟), 7.41 (t, J3‟‟/5‟‟,2‟‟/6‟‟/4‟‟ 7.7 Hz, 2H, H3‟‟, H5‟‟), 7.13 (t, 
J3‟,2‟/4‟ = 7.6 Hz, 1H, H3‟) 7.08 (d, J2‟,3‟ = 7.6 Hz, 1H, H2‟), 6.89 (s, J4’,3’ = 7.6 Hz, 1H, H4‟), 
6.51 – 6.53 (m, 1H, H2), 2.72 – 2.83 (m, 2H, H5‟), 2.61 – 2.76 (m, 2H, H8‟), 2.01 – 2.11 (m, 2H, 
H3), 1.96 – 1.99 (m, 2H, H6), 1.74 – 1.83 (m, 4H, H6‟, H7‟), 1.29 – 1.33 (m, 4H, H4, H5); y 13C 
NMR (125 MHz, CDCl3, ppm) δ = 174.7 (C=C-CO), 173.5 (COPh), 139.3 (C1‟), 138.9 (C10‟), 
138.7 (C2), 137.8 (C1), 137.6 (C1‟‟), 135.0 (C9‟), 131.9 (C4‟‟), 129.8 (C2‟), 128.9 (C3‟‟, C5‟‟), 
128.4 (C2‟‟, C6‟‟), 126.4 (C3‟), 125.7 (C4‟), 29.8 (C5‟), 25.7 (C6), 25.2 (C8‟), 25.0 (C3), 22.9 
(C6‟ or C7‟), 22.8 (C6‟ or C7‟), 21.7 (C4), 21.3 (C5). HRMS ESI (m/z) calcd for C13H15NONa
+
 
[M+Na]
+
  382.1783; found 382.1735. 
2.4.21   N-benzoyl-N-(2,6-dimethylphenyl)propenamide (2,6-diMePh-H-im)  
N-(2.6-dimethylphenyl)propenamide (4.50 g, 26 mmol) was 
dissolved in dry THF (20 ml), triethylamine (2.63 g, 26 mmol) was 
added and the solution was refluxed for 90 min before being added 
                                                 
y
 Significant peaks not attributed to the compound or to the NMR solvent (CDCl3) were found in the aromatic and 
also in the methyl region of the spectrum. Because of the complicated nature of the spectrum it was not possible to 
attribute them to particular compounds. This imide was not homogenous by 
1
H NMR spectroscopy although it gave 
a good HRMS and later crystals from the sample were used successfully to obtain crystallographic data. 
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to a solution of benzoyl chloride (3.65 g, 26 mmol) in dry THF (20 ml) in a round bottomed flask 
fitted with  a CaCl2 drying tube,  dropwise via a Pasteur pipette.  The reaction mixture was 
refluxed for further 24 h. After cooling the precipitate was removed by filtration and the filtrate 
was concentrated by evaporation under reduced pressure to give an oil. Column chromatography 
(SiO2; DCM / hexane / EtOAc  5:3:1) gave 2,6-diMePh-H-im as an oil, homogenous by 
1
H 
NMR, which crystallized after remaining in a sample bottle for 5 months at room temperature, 
mp 37 – 38 oC. Yield 1.77 g, 6 mmol, 24 %.  1H NMR (500 MHz, CDCl3) δ = 7.69 (d, 
J2‟‟/6‟‟,3‟‟/5‟‟=8.5  Hz, 2H, H2‟‟, H6‟‟), 7.50 (t, J 4‟‟, 3‟‟/ 5‟‟ = 8.5 Hz, 1H, H4‟‟), 7.41 (t, J3‟‟/ 5‟‟, 2‟‟/ 
6‟‟/4‟‟=7.9 Hz, 2H, H3‟‟, H5‟‟), 7.23 (t, 1H, J4‟, 3‟/5‟=7.6 Hz,  H4‟), 7.14 (d, J3‟/5‟, 4‟ = 7.6 Hz, 2H, 
H3‟, H5‟), 6.48 (dd, J3 cis, 2 =16.8 Hz, J3 cis, 3trans,=1.5 Hz, 1H, H3cis) , 6.20 (dd, J2, 3trans =10.3 Hz, 
J2, 3cis =16.8 Hz, 1H, H2), 5.69 (dd, J3trans,2 =10.3 Hz, J3trans,3cis = 1.5Hz, 1H, H3trans), 2.25 (s, 6H,  
C2‟–CH3, C6‟-CH3);
z
  
13
C NMR (125 MHz, CDCl3) δ = 172.3 (COPh), 168.4 (C1), 136.71 (C2‟, 
C6‟), 136.68 (C1‟), 135.5 (C1‟‟), 132.1 (C4‟‟), 131.4 (C3), 129.30 (C4‟), 129.25 (C2), 129.2 
(C3‟, C5‟), 128.7 (C3‟‟, C5‟‟), 128.4 (C2‟‟, C6‟‟), 18.6 (C2‟-CH3, C6‟-CH3). HRMS ESI (m/z) 
calcd for C18H18NO2
+
 [M+H]
+
  280.1259; found 280.1359. 
2.4.22   N-benzoyl-N-(2,6-dimethylphenyl)methylpropenamide (2,6-diMePh-
Me-im) 
 N-(2,6-dimethylphenyl)methylpropenamide (2.64 g, 13.9 mmol) was 
dissolved in dry THF (5 ml) at 40 
o
C, triethylamine (1.42 g, 13.9 
mmol) was added and the solution was stirred at 40 
o
C for ½ h before 
being added to a solution of benzoyl chloride (1.96 g, 13.9 mmol) in 
dry THF (10 ml) in a round bottomed flask fitted with  a CaCl2 drying 
tube,  dropwise via  a Pasteur pipette. The reaction mixture was stirred at 40 
o
C for 48 h. After 
cooling a precipitate was removed by filtration and the filtrate was concentrated by evaporation 
under reduced pressure to give an oil (2.74 g). Column chromatography (SiO2, 200g, DCM / 
hexane / EtOAc  5:5:1)  gave a solid (228 mg) which appeared to be crude product ( 
approximately 80 % of 2,6-diMePh-Me-im by 
1
H NMR). A small sample (50 mg) of the product 
was purified further by recrystallisation from DCM / hexane to give 2,6-diMePh-Me-im as a 
white solid, mp 91 – 92 oC, homogenous by 1H NMR. Yield 20 mg, 0.068 mmol, 2.2 %. 1H 
NMR (500 MHz, CDCl3) δ = 7.67 (d, J2‟‟/6‟‟, 3‟‟/5‟‟ = 7.5 Hz, 2H, H2‟‟, H6‟‟), 7.47 (t, J4‟‟,3‟‟/5‟‟ = 
                                                 
z
 Significant peaks not attributed to 2,6-diMePh-H-im are at δ (ppm) 2.1 (acetone) with integral ratio 0.19 (6H), 
relative to 1H of main compound, which indicates impurity at 3%.  
106 
 
7.5Hz, 1H, H4‟‟), 7.38 (t, J3‟‟/5‟‟, 2‟‟/6‟‟/4‟‟ = 7.8 Hz, 2H, H3‟‟, H5‟‟), 7.16 (t, J4‟,3‟/5‟ = 7.5Hz, 1H. 
H4‟), 7.08 (d, J3‟/5‟,4‟ = 7.5Hz, 2H, H3‟, H5‟), 5.65 (s, 1H, H3cis), 5.35 (d, J3trans,3cis = 1.2 Hz, 1H, 
H3trans), 2.27 (s, 6H, C2‟-CH3, C6‟-CH3), 1.92 (s, 3H, C2-CH3); 
13
C NMR (125 MHz, CDCl3) δ 
= 174.1 (C1), 173.0 (COPh), 141.9 (C2), 138.0 (C1‟), 136.2 (C2‟, C6‟), 135.9 (C1‟‟), 132.4 
(C4‟‟), 129.3 (C3‟, C5‟), 128.90 (C3‟‟, C5‟‟), 128.85 (C4‟), 128.7 (C2‟‟, C6‟‟), 122.4 (C3), 19.2 
(C2-CH3), 18.9 (C2‟-CH3, C6‟-CH3); HRMS ESI (m/z): [M+H]
+
 calcd for C19H20NO2 294.1494; 
found 294.1516. 
2.4.23   N-benzoyl-N-(2,6-dimethylphenyl)-2,3,3-trichloropropenamide (2,6-
diMePh-2,3,3Cl-im)  
N-(2,6-dimethylphenyl)-2,3,3-trichloropropenamide (1.36 g, 4.9 mmol) 
was dissolved in dry tetrahydrofuran (5 ml), triethylamine (0.50 g, 4.9 
mmol) was added and the solution was refluxed for 90 min before being 
added to benzoyl chloride (0.69 g, 4.9 mmol) dissolved in a small 
amount of dry THF (2 ml) in a round bottomed flask fitted with  a CaCl2 drying tube,  dropwise 
via  a Pasteur pipette. The reaction mixture was refluxed for 24 h. After cooling the precipitate 
was removed by filtration and the filtrate was concentrated by evaporation under reduced 
pressure. The mixture was then stirred in water for ½ h to give a precipitate which was collected 
by vacuum filtration and dried in a dessicator over CaCl2 for 12 h. The dried solid (1.34 g) was 
dissolved in a mixture of DCM / hexane (1:4 - 20 ml) and refluxed for 10 min. The solid still 
remaining after reflux was removed by filtration and found by NMR to be the original amide – 
2,6-diMePh-2,3,3Cl-am – (617 mg). The filtrate was washed with Na2CO3 (aq) (2 mol dm
-3
) to 
remove acidic impurities. After drying and removal of the solvent by evaporation under reduced 
pressure a solid was produced (508 mg). Preparatory TLC (SiO2, DCM / EtOAc / hexane 1:1:4) 
of a small sample of this (25 mg) gave impure 2,6-diMePh-2,3,3Cl-im (5 mg) at Rf 0.5, a solid, 
mp 71 – 72 oC, homogeneous by SiO2 TLC (DCM / EtOAc / hexane 1:1:4) but not by 
1
H NMR. 
Yield: 76.2 mg , 0.2 mmol, 4 %). 
1
H NMR (500 MHz, CDCl3, ppm) δ = 7.59 (dd, J2‟‟/6‟‟,3‟‟/5‟‟ = 
7.2 Hz, 2H, H2‟‟, H6‟‟), 7.45 (t, J4‟‟/6‟‟,5‟‟ = 7.5 Hz, 1H, H4‟‟), 7.31 (t, J3‟‟/5‟‟,2‟‟/6‟‟/4‟‟ = 7.9 Hz, 2H, 
H3‟‟, H5‟‟), 7.12 – 7.17 (m, 1H, H4‟), 7.06 (d, J3‟/5‟,4‟ = 7.6 Hz, 2H, H3‟, H5‟), 2.27 (s, 6H, C2‟ – 
CH3, C6‟ – CH3);
aa
  
 13
C NMR (125 MHz, CDCl3, ppm) δ = 171.3 (COPh), 163.9 (C1), 136.3 
(C2‟, C6‟), 136.0 (C1‟), 135.8 (C2), 133.6 (C1‟‟), 132.9 (C4‟‟), 129.43 (C4‟), 129.36 (C3‟, C5‟), 
128.9 (C3‟‟, C5‟‟), 128.3 (C2‟‟, C6‟‟), 124.5 (C3), 18.8 (C2‟ – CH3, C6‟ – CH3).  
                                                 
aa
 There are significant impurity peaks especially in the methyl region of the spectrum which could not be attributed 
to particular compounds.  
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2.4.24   N-benzoyl-N-(2,6-dimethylphenyl)-1-cyclohexenyl-1-carboxamide (2,6-
diMePh-cHex-im) 
 N-(2,6-dimethylphenyl)cyclohex-1-enyl-1-carboxamide  (900 mg, 3.9 
mmol) was dissolved in dry tetrahydrofuran (3 ml), triethylamine (395 
mg, 3.9 mmol) was added and the solution was refluxed for 90 min 
before being added to benzoyl chloride (548 mg, 3.9 mmol) dissolved in a 
small quantity of dry THF (2 ml) in a round bottomed flask fitted with  a 
CaCl2 drying tube,  dropwise via  a Pasteur pipette. The reaction mixture was refluxed for 24 h. 
After cooling the precipitate was removed by filtration and the filtrate was concentrated by 
evaporation under reduced pressure. This gave a solid (1.08 g). Column chromatography (SiO2, 
200g;  DCM / hexane / EtOAc  1:4:1) gave 2,6-diMePh-cHex-im as a solid, mp 157 – 158 oC,  
yield 200 mg, 0.6 mmol, 15 %.  
1
H NMR (500 MHz, CDCl3, ppm) δ =  7.65 (d, J2‟‟/6‟‟, 3‟‟/5‟‟ = 7.4 
Hz, 2H, H2‟‟, H6‟‟), 7.48 (t, J4‟‟, 3‟‟/5‟‟ = 7.4 Hz 1H, H4‟‟), 7.41 (t, J3‟‟/ 5‟‟, 4‟‟/ 2‟‟/ 6‟‟ = 7.4 Hz, 2H, 
H3‟‟, H5‟‟), 7.18 (t, J 4‟, 3‟/5‟= 7.4 Hz, 1H, H4‟),  7.10 (d, J 3‟/5‟, 4‟ = 7.4 Hz, 2H, H3‟,H5‟), 6.48 – 
6.51 (m, 1H, H2), 2.29 (s, 6H, C2‟ – CH3, C6‟-CH3), 2.13 – 2.16 (m, 2H, H3), 1.92 – 1.94 (m, 
2H, H6), 1.26 – 1.32 (m, 4H, H4, H5);bb  13C NMR (125 MHz, CDCl3, ppm) δ = 173.7 (C=C-
CO), 172.9 (COPh), 138.6 (C2), 138.0 (C1‟), 137.3 (C1‟‟), 136.7 (C1), 136.0 (C2‟, C6‟), 131.6 
(C4‟‟), 128.9 (C3‟, C5‟), 128.6 (C3‟‟, C5‟‟), 128.5 (C4‟), 128.2 (C2‟‟, C6‟‟), 25.4 (C6), 25.0 
(C3), 21.5 (C4 or C5), 21.0 (C4 or C5), 18.8 (C2‟ – CH3, C6‟ – CH3). HRMS ESI (m/z) calcd for 
C22H23NO2Na [M+Na]
+
  356.1626;  found 356.1625. 
 
 
 
  
                                                 
bb
 The sample was contaminated with DCM, as shown by a peak at 5.3 ppm which has integral ratio 0.28 (2H), 
relative to 1H of the main compound, showing 14 % impurity. 
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CHAPTER THREE 
3. CRYSTALLOGRAPHIC DATA 
3.1   Introduction 
The amides and imides produced in this work, whose synthesis was described in chapter 2, 
have the general formula shown in figure 3.1. 
 
Figure 3.1   Structural formula of the compounds synthesised and studied in this work 
The bulky substituents (THNP, 2,6-diMePh and -COPh) were expected to cause twisting of 
the molecule away from a planar structure with the potential for giving axial chirality as 
found by Sakamoto et al. for N-(benzoylformyl)-N-(5,6,7,8-tetrahydro-1-
naphthalenyl)cyclohex-1-enyl-1-carboxamide, (figure 3.2).1  
 
Figure 3.2   Image of N-(benzoylformyl)-N-(5,6,7,8-tetrahydro-1-naphthalenylyl)cyclohex-1-enyl-1-
carboxamide from published cif file 1 
  
Compounds with molecular axial chirality have the potential to crystallise as chiral crystals 
and the amide in figure 3.2 crystallised in a chiral space group (P212121) and enantiopure 
crystals retained their axial chirality in solution long enough for enantioselective reactions to 
occur .1 Two of the compounds in this work (THNP-H-am and THNP-cHex-im) were also 
found to crystallise in chiral space groups (P21 and P212121 respectively), so future reaction 
of these compounds (e.g. by Diels-Alder or even simple bromination) which introduce a 
fixed chiral centre can also lead to enantiomeric excess if the chirality is maintained in 
R1-R3 = H, Me, CN, Ph, Cl 
      R4 = H, COPh 
      Ar = THNP; 2,6-diMePh 
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solution for adequate time, i.e. if racemisation is slower than the rate of reaction. In 
bromination, for example, electrophilic addition to the double bond is expected to take place 
from one face preferentially as the other is obscured by the bulky Ar substituent, as shown 
for THNP amides in scheme 3.1. 
 
 
 
 
 
 
  
 
Scheme 3.1   Bromination of THNP amides 
 
Bromination, however, could also take place by aromatic substitution although the classic 
view is that this reaction is slower than addition to the C=C bond. The electron density of 
the C=C and the activation of the aromatic group by the –NHCOR group are decisive to the 
site and rate of bromination and these, in turn, are influenced not only by the nature of the 
substituents but also by the conformation of the compound which affects the degree of 
delocalisation of electrons. Twisting of a group will change the orientation of the orbitals 
and limit conjugation hence affect the electron distribution in the molecule.  
In this chapter the X-ray diffraction results from pure crystals of 19 amides and imides are 
described and information is given about the crystal system, space group, bond lengths and 
angles. The analysis of solid state conformation, presented in this chapter, in addition with 
conclusions from ab initio studies (chapter 4) will be used to rationalise the trends in 
reactivity of the compounds towards bromination (chapter 5). 
To begin with, some generalisations from the literature (mainly concerning amides) are 
discussed. The structure of the peptide bond has been extensively studied not least because 
of its involvement in the formation of proteins. The –CON- group has traditionally been 
deemed to have planar geometry,2 and a favourable orientation of nitrogen p orbital with the 
π orbital of CO is accompanied by delocalisation of nitrogen lone pair hence the N-C bond 
acquires a partial double bond character.3, 4 However more recent studies of rotational – 
vibrational data obtained from microwave spectra of methanamide (formamide), 
thiomethanamide (thioformamide) and carbamide (urea) showed a pyramidal conformation 
Face obscured by 
bulky THNP 
group 
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around N at equilibrium, but with a very low (almost zero) barrier to inversion.5, 6, 7  Studies 
of related compounds (methyl carbamate, carbamic acid and ethanamide) showed similar 
pyramidal geometry but the barrier to inversion, although varying between compounds, was 
found to be small enough for the group to be effectively planar.8 The extent of pyramidal 
configuration around N in the compounds of this work will be shown by the extent to which 
the sum of angles between N and its substituents is smaller than 360 o (taking into 
consideration experimental uncertainty). Pyramidal geometry will also be assessed by the 
length of the OC-N bond which will be longer as the sp3 character of nitrogen increases. 
A table of average bond lengths of organic compounds taken from an extensive database of 
approximately 50,000 compounds contained in Cambridge Structural Database, was 
published by Allen et al. in 1987.9 Data taken mainly from this study about bond lengths 
that are relevant to the amide group are presented in table 3.1; the values for N-
phenylpropanamide were taken from Brown10 and for N-phenylpropenamide from Flakus et 
al. 11 
Table 3.1   Mean values of bond lengths in amides with Csp2-C=O and  N-CAr 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
a All data, except where indicated is taken from Allen et al. 9 
b Value given for N substituted amides 
c Data not known for amides, values for acids C=C-COOH and esters C=C-COOR are given. 
d No value for CAr-N (planar) bonded to C=O is provided but N-phenylpropanamide has a value of 1.413 Å.10 
e No value for a pyramidal CAr-N bonded to C=O is provided but CAr-NH-Csp3 is given as 1.419 Å when pyramidal. 
f The value of 1.334 Å is for an amide with an unspecified C2 and an sp3 C attached to N. For N-phenylpropanamide 
the value is 1.354 Å and for N-phenylpropenamide it is 1.346 Å. 10, 11 
g No value for a pyramidal N bonded to C=O is provided but C=C-N(Csp3)2 is given as 1.416 Å when pyramidal while 
a simple β lactam has a value of 1.385 Å. 
 
 
 
 
Bonds Bond lengthsa 
(Å) 
C1-C2 (sp3) 1.506 b  
C1-C2 (sp2) 1.475 – 1.488 c 
CAr-N (planar) 1.413 
d 
CAr-N (pyramidal) 1.419 
e 
C1-N (planar) 1.334 – 1.354 f 
C1-N (pyramidal) 1.385 – 1.416 g 
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The data given above illustrate the effect of conjugation on the length of bonds as for 
pyramidal N both CAr-N and C1-N (OC-N) bond lengths are longer. Comparison of the bond 
lengths of the compounds in this work with values given in this table will be used to 
illustrate the extent of conjugation in these and consequently allow qualitative estimation of 
the electronic density of the C=C bond. 
3.2   Results and Discussion 
Selected crystallographic data is given below, along with the ORTEP image, a structure 
generated from the cif or pdb file and an approximate representation in ChemDraw for the 
19 compounds for which data were obtained. Selected bond lengths, angles and torsion 
angles are discussed. 
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3.2.1  Simple and substituted N-(5,6,7,8-tetrahydro-1-
naphthalenyl)propenamides    (THNP amides)  
3.2.1.1   N-(5,6,7,8-tetrahydro-1-naphthalenyl)propenamide (THNP-H-am) 
Empirical formula  C13H15NO 
Crystal system  Monoclinic 
Space group  P21 
Unit cell dimensions a = 4.906(5) Å  = 90 ° 
b = 12.706(12) Å  = 103.409(15)  ° 
c = 9.047(9) Å   = 90 ° 
Volume 548.5(10) Å3 
Z 2 
Density (calculated) 1.219 Mg / m3 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.3   ORTEP image, Chemdraw structure and structures generated from the pdb file showing the 
molecule, the unit cell and the packing of THNP-H-am 
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Table 3.2   Bond lengths, angles and torsion angles in THNP-H-am. 
 
 
Bonds 
Bond length  
(Å) 
 
Angles 
around N 
 
 
(o) 
 
Torsion Angles 
showing twisting of…(group) c 
  
 
(o) 
N-C1’ 1.430 [6] a C1-N-C1’ 125.1 [4] C1-N-C1’-C2’… (THNP) -44.7 
N-C1 1.360 [6] H-N-C1’ 117.4 b O-C1-N-C1’… (amide) -5.4 
C1-C2 1.490 [6] C1-N-H 117.4 b C3-C2-C1-N… (enone) 178.1 (1.9) d 
  Total 359.9 [4]    
 
a Figures in square brackets show estimated standard deviation  
b The position of H was calculated using the ‘riding model’ 
c Torsion angles were measured using the J-mol structure derived from the pdb file 
d The figure in brackets  indicates the angle with the plane without consideration of rotational direction 
 
In this amide there is planar arrangement of substituents around N, as shown by the sum of 
angles being approximately 360 o, which indicates that N is sp2 hybridised. The amide 
functional group is also almost planar (5.4 o) hence there is favourable orientation of the p 
orbital of N with respect to the π orbital of C=O. Delocalisation of nitrogen lone pair 
towards C=O, a well-documented fact in amides, gives the N-C1 bond a partial double bond 
nature, which is reflected by its length being shorter than the length of a single N-C bond.3, 4 
The length of N-C1 is 1.360 Å, close to the range of published values for simple amides 
(value for C1-N planar, table 3.1). The configuration around N-C1 is Z (often referred in 
literature as trans, i.e. CO is anti to NH).  
The ‘enone’ system is planar as well (1.9 o) with a syn arrangement of CO and C=C around 
the C1-C2 partial double bond. This configuration is commonly observed in compounds of 
this work, with very few compounds (mainly the amides and imides with Me substituents at 
C2) having an anti arrangement. The length of the C1-C2 bond (1.490 Å) is just about 
typical of the C=C-C=O system (value for C1-C2 (sp2), table 3.1). 
The THNP group is oriented so that the C5’-C8’ loop is anti to the carbonyl group. It is 
significantly twisted, by almost 45 o, relative to the amide plane; presumably the resultant 
loss of N-Ar conjugation is offset by relief of steric interaction between the C5’-C8’ portion 
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and the N-H group. The N-C1’ bond is 1.430 Å, slightly greater than in N-
phenylpropanamide (1.413 Å), reflecting the reduced N-C1’ conjugation, (table 3.1). 
The twist of the THNP group out of plane is also important because it gives the molecule 
axial chirality, in this case with axial S (aS) configuration, as drawn in the ORTEP structure; 
this is illustrated in figure 3.4. 
 
 
Figure 3.4   Newman projection along N-C1’ bond of THNP-H-am showing the aS configuration 
This amide crystallised in a chiral space group (P21) which indicates that axial chirality is 
the same throughout the single crystal, i.e. the crystal is enantiopure. 
The conformation of the molecule in the crystal has CO syn to the aromatic ring of THNP 
and hence H2’ (and C2’) are in close proximity to the carbonyl group. If this proximity is 
retained in solution magnetic anisotropy effects from the carbonyl group would account for 
the downfield NMR shift of these peaks (compared with calculated values), (chapter 2, 
p.62). NMR data also showed a downfield shift of the peaks for H3, H2’, H3’ and H7’ with 
dilution (chapter 2, p.66) which is probably due to intermolecular magnetic anisotropic 
shielding effects from the aromatic ring of the THNP group or of the C=C group. 
Interestingly the crystal structure shows H3 in close proximity to the aromatic ring of the 
neighbouring molecule which is part of the ‘other’ set of chains (figure 3.5); although this 
arrangement is not expected to be retained in solution. 
 
 
 
 
 
 
 
 
 
Figure 3.5   The asymmetric unit of THNP-H-am 
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3.2.1.2   N-(5,6,7,8-tetrahydro-1-naphthalenyl)methylpropenamide (THNP-Me-am) 
 
Empirical formula  C14H17NO 
Crystal system  Monoclinic 
Space group  P21/c 
Unit cell dimensions a = 16.916(2) Å  = 90 ° 
b = 7.8378(9) Å  = 100.530(6) ° 
c = 9.0370(12) Å   = 90 ° 
Volume 1178.0(3) Å3 
Z 4 
Density (calculated) 1.214 Mg / m3 
                        
 
 
Figure 3.6   ORTEP image, Chemdraw structure and structures generated from the pdb file showing the 
molecule, the unit cell and the packing of THNP-Me-am 
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Table 3.3   Bond lengths, angles and torsion angles in THNP-Me-am.  
 
Bond Bond length  
(Å) 
Angles 
around N 
 
(o) 
Torsion Angles 
showing twisting of…(group) c 
  
(o) 
N-C1’ 1.445 [5] a C1-N-C1’ 123.3 [3] C1-N-C1’-C2’… (THNP) -114.3 (65.7) d 
N-C1 1.345 [5] H-N-C1’ 118.3 b O-C1-N-C1’… (amide) -2.2  
C1-C2 1.498 [6] C1-N-H 118.3 b C3-C2-C1-N… (enone) 31.6 
  Total 359.9 [3]    
 
a Figures in square brackets show estimated standard deviation  
b The position of H was calculated using the ‘riding model’ 
c Torsion angles were measured using the J-mol structure derived from the pdb file 
d The figure in brackets  indicates the angle with the plane without consideration of rotational direction 
Similarly to THNP-H-am the amide functional group of this compound is planar as CO has a 
torsion angle of only 2.2 o. There is also a planar arrangement of substituents around N with 
the sum of angles being very close to 360 o, indicating sp2 hybridisation. The delocalisation 
of the nitrogen lone pair towards CO gives N-C1 a partial double bond order reflected by its 
length which, at 1.345 Å, is again within the published range for similar compounds (value 
for C1-N planar, table 3.1). The configuration around N-C1 is Z (referred to also as trans, 
i.e. CO anti to NH).  
In the ‘enone’ group the C=C bond is twisted significantly out of plane (by approximately 
30 o) and almost anti to CO, an arrangement found in very few compounds of this work, 
(mainly in amides and imides with Me substituent at C2). 
The THNP group is almost perpendicular to the amide plane, at approximately 66 o, much 
more twisted than in THNP-H-am (44.7 o). The unit cell of THNP-Me-am contains four 
molecules with different orientation but the same general conformation and the 
configuration around C2-C1 is aR and around N-C1’ aS, (figure 3.7) 
 
 
 
                                                                    
 
Figure 3.7   Newman projections of THNP-Me-am; (a) along C2-C1 (b) along N-C1’ bonds 
 
a b 
c 
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As seen in the previous amide also, hydrogen bonds link the molecules so that they form two 
distinct chains. However, in this amide the positioning of the chains is such that symmetry 
operations in the unit cell include a glide plane, hence the crystal is achiral (space group 
P21/c). 
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3.2.1.3   N-(5,6,7,8-tetrahydro-1-naphthalenyl)-2-chloropropenamide (THNP-Cl-am) 
 
Empirical formula  C13H14ClNO 
Crystal system  Monoclinic 
Space group   P21/c 
Unit cell dimensions a = 8.2183(5) Å  = 90 ° 
 b = 18.1386(11) Å  = 105.340(4) ° 
 c = 7.8003(5) Å   = 90 ° 
Volume 1121.35(12) Å3 
Z 4 
Density (calculated) 1.396 Mg / m3 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.8   ORTEP image, Chemdraw structure and structures generated from the pdb file showing the 
molecule, the unit cell and the packing of THNP-Cl-am 
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Table 3.4   Bond lengths, angles and torsion angles in THNP-Cl-am.  
 
Bond Bond length  
(Å) 
Angles 
around N 
 
(o) 
Torsion Angles 
showing twisting of…(group) c 
  
(o) 
N-C1’ 1.422 [2] a C1-N-C1’ 129.50 [15] C1-N-C1’-C2’… (THNP) 4.2 
N-C1 1.356 [2] H-N-C1’ 115.30 b O-C1-N-C1’… (amide) 2.1 
C1-C2 1.513 [2] C1-N-H 115.30 b C3-C2-C1-N… (enone) 178.1  
(1.9) d 
  Total 360.10    
 
a Figures in square brackets show estimated standard deviation  
b The position of H was calculated using the ‘riding model’ 
c Torsion angles were measured using the J-mol structure derived from the pdb file 
d The figure in brackets  indicates the angle with the plane without consideration of rotational 
direction 
 
The amide group is planar here also, as is the arrangement of substituents around N. 
However, both the ‘enone’ and the THNP groups are also planar, so the molecule is flat, 
which is surprising given the bulkiness of the Cl substituent. 
The planarity of the molecule suggests extensive conjugation and the lengths of the bonds 
also suggest strong conjugation in the amide group with the N-C1 being within the range of 
published values (value for C1-N planar, table 3.1). In contrast to the previous two amides 
the THNP group is planar with the rest of the molecule; the shorter N-C1’ bond indicates 
conjugation of the nitrogen lone pair with the aromatic ring. 
The configuration around the partial double C1-N bond is Z as for the other amides, while 
the configuration around the C1-C2 bond is E, again with CO syn to C=C.  
The planarity of the molecule means that there is no potential for axial chirality and this 
compound crystallised in the non-chiral crystal system P21/c. 
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3.2.1.4   N-(5,6,7,8-tetrahydro-1-naphthalenyl)-2,3,3-trichloropropenamide (THNP-
2,3,3Cl-am) 
 
Empirical formula  C13H12Cl3NO 
Crystal system  Monoclinic 
Space group  P21/c  
Unit cell dimensions a = 22.528(8) Å  = 90 ° 
 b = 4.8175(16) Å  = 92.459(10) ° 
 c = 24.757(9) Å   = 90 ° 
Volume 2684.3(16) Å3 
Z 8 
Density (calculated) 1.507 Mg / m3 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.9   ORTEP image, Chemdraw structure and structures generated from the cif file showing the 
asymmetric unit and the unit cell of THNP-2,3,3Cl-am 
 
 
a 
b 
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Table 3.5   Bond lengths, angles and torsion angles in THNP-2,3,3Cl-am.  
Conformation a 
Bond Bond length  
(Å) 
Angles 
around N 
 
(o) 
Torsion Angles 
showing twisting 
of…(group) 
  
(o) 
N-C1’ 1.432 [6] a C1-N-C1’ 124.0 [4] C1-N-C1’-C2’… (THNP) 50.0 [7] 
N-C1 1.328 [6] H-N-C1’ 118.0 b O-C1-N-C1’… (amide) 0.8 [8] 
C1-C2 1.513 [7] C1-N-H 118.0 b C3-C2-C1-N… (enone) 109.0 [6] 
(71.0) c 
  Total 360.0 [4]    
 
 
Conformation b 
 
Bond Bond length  
(Å) 
Angles 
around N 
 
(o) 
Torsion Angles 
showing twisting 
of…(group) 
 
(o) 
N-C1’ 1.438 [6] a C1-N-C1’ 125.7 [4] C1-N-C1’-C2’… (THNP) -122.4 
[6] 
(57.6) c 
N-C1 1.318 [6] H-N-C1’ 117.2 b O-C1-N-C1’… (amide) -5.9 [9] 
C1-C2 1.518 [7] C1-N-H 117.2 b C3-C2-C1-N… (enone) -65.1 
[8] 
  Total 360.1 [4]    
 
a Figures in square brackets show estimated standard deviation (esd) 
b The position of H was calculated using the ‘riding model’ 
c The figure in brackets  indicates the angle with the plane without consideration of rotational direction 
 
The crystal of this amide was shown to contain molecules of two different conformations.  
Both have planar geometry around N. The carbonyl group is almost planar in conformation 
a whereas in conformation b it is more twisted, the most in THNP amides, with torsion 
angle 5.9 o.  The C=C group also has the largest degree of twisting in THNP amides, with 
torsion angle > 60 o in both conformations. It twists in different directions, almost syn to CO 
in a but almost anti in b, (figure 3.10), the latter being an arrangement not commonly found 
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in the compounds of this work. The bond lengths are at the range expected. The C1-C2 bond 
length is particularly large but the same as in THNP-2Cl-am and THNP-2CN-3Ph-am.  
The asymmetric unit for this amide consists of two molecules and the unit cell of eight. This 
arrangement produces a space group (P21/c ) with a glide plane as well as a screw axis and 
hence it is achiral. The twisting of C=C and THNP groups out of plane gives molecular axial 
chirality with the aSaR configuration for a, around C2-C1 and N-C1’ bonds respectively, 
and aRaS for b, (figure 3.10).  
 
                     
 
 
Figure 3.10   Newman projections of THNP-2,3,3Cl-am; (A) along C2-C1 for conformations a and b; (B) 
along N-C1’ bonds for conformations a and b 
 
  
Aa Ab Ba Bb 
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3.2.1.5   N-(5,6,7,8-tetrahydro-1-naphthalenyl)-2-cyano-3-phenylpropenamide (THNP-
2CN-3Ph-am) 
 
Empirical formula  C20H18N2O 
Crystal system  Monoclinic 
Space group  P21/n  
Unit cell dimensions a = 11.4110(8) Å  = 90 ° 
 b = 6.3909(5) Å  = 102.857(7) ° 
 c = 21.6693(18) Å   = 90 ° 
Voume 1540.6(2) Å3 
Z 4 
Density (calculated) 1.304 Mg / m3 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.11   ORTEP image, Chemdraw structure and structures generated from the cif file showing the 
molecule, the unit cell and the packing of THNP-2CN-3Ph-am   
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Table 3.6   Bond lengths, angles and torsion angles in THNP-2CN-3Ph-am                                
Bond Bond length 
(Å) 
Angles 
around N 
 
(o) 
Torsion Angles 
showing twisting of…(group) 
 
(o) 
N-C1’ 1.4179 [17] a C1-N-C1’ 128.00 
[12] 
C1-N-C1’-C2’… (THNP) -28.6 [2] 
N-C1 1.3514 [18] H-N-C1’ 116.0 b O-C1-N-C1’… (amide)   1.3 [2] 
C1-C2 1.5109 [19] C1-N-H 116.0 b C3-C2-C1-N… (enone) -164.86 [12] 
(15.2) c 
  Total 360.0 
[12] 
  
 
a Figures in square brackets show estimated standard deviation (esd) 
b The position of H was calculated using the ‘riding model’ 
c The figure in brackets  indicates the angle with the plane without consideration of rotational direction 
 
The geometry around N is planar. The carbonyl group shows only minimal degree of 
twisting, one of the smallest in THNP amides and, as in all amides/imides in this work, is 
anti to NH. The C=C group is twisted but only by 15 o and is syn to CO. Moreover, it was 
very interesting to see that the configuration around the C=C bond is E confirming the 
configuration suggested by NMR (chapter 2, subsection 2.2.1.5). 
The THNP group is twisted but again by a small amount compared with other amides in this 
set. The bond lengths are in the range expected with C1-C2 particularly large and of similar 
length as in THNP-Cl-am and THNP-2,3,3Cl-am. 
The twisting of C=C and THNP out of plane gives axial chirality to the molecule with the 
ORTEP structure drawn as the aRaS configuration (figure 3.12). 
 
                                                   
 
Figure 3.12  Newman projections of THNP-2CN-3Ph-am; (a) along C2-C1 and (b) along N-C1’ bonds 
 
The unit cell contains four molecules of the same conformation in an arrangement that 
provides an achiral space group (P21/n). 
a b 
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3.2.1.6   N-(5,6,7,8-tetrahydro-1-naphthalenyl)cyclohex-1-enyl-1-carboxamide  (THNP-
cHex-am) 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.13   ORTEP image, Chemdraw structure and structures generated from the cif file showing the 
molecule and the unit cell of THNP-cHex-am. The ORTEP image and the structure generated from the cif file 
show a rogue atom of oxygen indicating presence of H2O 
Empirical formula  C17H21.25NO1.13 
Crystal system  Monoclinic 
Space group  C2/c  
Unit cell dimensions a = 45.654(4) Å  = 90 ° 
 b = 6.5400(5) Å  = 90.818(6) ° 
 c = 9.3123(8) Å   = 90 ° 
Volume 2780.2(4) Å3 
Z 8 
Density (calculated) 1.231 Mg / m3 
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Table 3.7   Bond lengths, angles and torsion angles in THNP-cHex-am 
Bond Bond length  
(Å) 
Angles 
around N 
 
(o) 
Torsion Angles 
showing twisting of…(group) 
  
(o) 
N-C1’ 1.429 [2] a OC-N-C1’ 123.10 [15] OC-N-C1’-C2’… (THNP) 106.3 [2] 
(73.7) c 
N-CO 1.348 [2] H-N-C1’ 118.4 b O-C-N-C1’… (C=O) -1.3 [3] 
OC-C1 1.492 [3] OC-N-H 118.4 b C2-C1-C(O)-N… (C=C) 148.0 [2] 
(32.0) c 
  Total 359.9 [15]    
 
a Figures in square brackets show estimated standard deviation (esd) 
b H, in this case,  is a riding atom hence esd is not calculated. 
c The figure in brackets  indicates the angle with the plane without consideration of rotational 
direction 
 
In this amide there is a planar arrangement of substituents around N as in all amides in this 
set and the carbonyl group shows minimal twisting. The C=C group twists by 30 o and is syn 
to CO as is the usual in the amides/imides of this work. The THNP group shows the largest 
twist in this set of amides, > 60 o out of plane. The bond lengths are within the range found 
for other THNP amides. 
The twisting of C=C and THNP gives molecular axial chirality with the ORTEP shown as 
the aRaR configuration (figure 3.14).  
                                                                
 
 
Figure 3.14   Newman projections of THNP--cHex-am; (a) along C1-CO bond and (b) along N-C1’ bond. 
 
3.2.1.7 Comparison of the structures of THNP-amides 
In this subsection information about all THNP amides (space groups, bond lengths and 
angles for the amide, enone (-C=C-CO-) and THNP groups) is tabulated and compared. 
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3.2.1.7.1   Space groups 
Table 3.8  Crystal systems and space groups of THNP amides 
Amide 
Crystal 
System Space Group 
THNP-H-am Monoclinic P21 (Chiral) 
THNP-Me-am Monoclinic P21/c 
THNP-Cl-am Monoclinic P21/c 
THNP-2,3,3Cl-am Monoclinic P21/c 
THNP-2CN-3Ph-am Monoclinic P21/n 
THNP-cHex-am Monoclinic C2/c 
 
 
All THNP-amides crystallise in the monoclinic system and the most common space group is 
P21/c (P21/n). However, one amide (THNP-H-am) crystallised in a chiral group (P21). 
3.2.1.7.2   Bond Lengths and Angles 
A.   The Amide Group 
The extent of conjugation within the amide group is assessed in two ways: first by the 
degree of twisting of the carbonyl group and the pyramidal or planar arrangement around N 
and second by the length of the N-C1 bond. The relevant data are shown in table 3.9 and 
figures 3.15 – 3.18. 
The angles around N in all amides are approximately 360 o, i.e. there is planar geometry 
around N which is therefore sp2 hybridised. The carbonyl group twists out of the N sp2 plane 
by a small degree apart from two amides where the twist is > 5 o. Twisting of the carbonyl 
group decreases conjugation within the amide group and should result in a longer N-C1 
bond which was shown to range from 1.32 – 1.36 Å, a range that is bigger than but close to 
the published one for the N-C1 bond of conjugated amides (1.334 – 1.354 Å - value for N-C 
planar, table 3.1). Furthermore figure 3.18 shows a general positive correlation between the 
N-C1 bond length and the twisting of the carbonyl group although the correlation is not 
tight, probably due to increased experimental uncertainty within the small range of the 
relevant values, and there is one anomaly with THNP-2,3,3Cl-am b (red point).  
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Table 3.9   Bond lengths and angles in the amide group of THNP amides 
 
Sum of angles 
around N a 
(o) 
Torsion Angle 
O-C1-N-C1’ b, c 
(o) 
Length of N-C1 bond d 
(Å) 
THNP-H-am 359.9 [4] e 5.4 f 1.360 [6] 
THNP-Me-am 359.9 [3] 2.2 f 1.345 [5] 
THNP-Cl-am 360.10 [15] 2.1 f 1.356 [2] 
THNP-2,3,3Cl-am a g 360.0 [4] 0.8 [8] 1.328 [6] 
THNP-2,3,3Cl-am b g 360.1 [4]        5.9 [9] 1.318 [6] 
THNP-2CN-3Ph-am 360.00  [12] 1.3 [2] 1.3514 [18] 
THNP-cHex-am 359.90 [15] 1.3 [3] 1.348 [2] 
 
a The position of hydrogen atoms is defined using the ‘riding’ model.  
b O-C-N-C1’ for THNP-cHex-am   
c The values used for torsion angles indicate the angle from the plane without consideration 
of direction 
d N-CO for THNP-cHex-am  
e Figures in square brackets refer to estimated standard deviation (esd) 
f Value calculated using J-mol structure derived from the pdb file 
g THNP-2,3,3Cl-am a and b refer to two conformations of this amide found in the unit cell 
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Figure 3.15   Sum of angles around N in THNP amides 
 
Figure 3.16   Twisting of the carbonyl group in THNP amides 
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Figure 3.17  Length of N-C1 bond in THNP amides 
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Figure 3.18   Length of N-C1 bond vs twisting of the carbonyl group in THNP amides 
B.   The Enone Group 
The twisting of the C=C group varies greatly in these amides as shown in figure 3.19. It is 
almost planar in THNP-H-am and THNP-Cl-am, slightly bigger (approximately 30 o) in 
THNP-Me-am and THNP-cHex-am but significantly bigger (almost 60 o) in THNP-2,3,3Cl-
am, a and b. To what degree this does affect conjugation of the C=C with the carbonyl 
group could be answered to some extent by the length of the C1-C2 bond which varies 
within this set only by 0.03 Å from 1.49 to 1.52 Å; values which are a little bigger than the 
published ones for C1-C2sp2 in acids and esters (1.475-1.488 Å, table 3.1). Figure 3.20 
shows that, taking into consideration experimental uncertainty, THNP-H-am, THNP-Me-am 
and THNP-cHex-am appear to have shorter bond,1.49 Å, compared to an approximate value 
of 1.515 Å of the others. Figure 3.21 shows a general positive correlation between twisting 
of the C=C group the length of the C1-C2 bond although there are exceptions (THNP-Cl-am 
a and THNP-2CN-3Ph-am, red points). So, compounds with minimal twisting have bond 
length close to 1.49 Å whereas a 30 o twist is in compounds with bond length 1.50 Å and 
larger twisting is accompanied by longer bonds of approximately 1.52 Å. Here, of course the 
length of the bond is also influenced by the C2 substituent which could be an additional 
reason for the lack of a more definite correlation. 
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Table 3.10   The twisting of the C=C group and the length of C1-C2 bond in THNP imides 
 
  
Torsion Angle 
C3-C2-C1-N a, b 
(o) 
Length of C1-C2 
bond c 
(Å) 
THNP-H-am 1.9 d 1.490 [6] e 
THNP-Me-am 31.6  1.498 [6] 
THNP-Cl-am 1.9 1.513 [2] 
THNP-2,3,3Cl-am a f 71.0 [6]  1.513 [7] 
THNP-2,3,3Cl-am b f 65.1 [8] 1.518 [7] 
THNP-2CN-3Ph-am 15.2 [12]  1.5109 [19] 
THNP-cHex-am 32.0 [2] 1.492 [3] 
 
 
a C2-C1-C(O)-N for THNP-cHex-am 
b The values used for torsion angles indicate the angle from the plane without consideration of 
direction 
c OC-C1for THNP-cHex-am 
d Value measured using the J-mol structure derived from the pdb file 
e The numbers in square brackets refer to estimated standard deviation (esd) 
f THNP-2,3,3Cl-am a and b refer to two conformations of this amide found in the unit cell 
 
 
134 
 
 
Figure 3.19   Twisting of C=C in THNP amides 
 
Figure 3.20   Length of C1-C2 bond in THNP amides 
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Figure 3.21   Length of C1-C2 bond vs twisting of C=C in THNP amides 
 
C.   The THNP group 
The degree of twisting of the THNP group also varies greatly in this set of amides from 
almost planar in THNP-Cl-am to almost perpendicular in THNP-cHex-am, (figure 3.22). 
The large range indicates that there may be no preferred conformation in solution (i.e. that 
the rotation barrier of the N-C1’ bond is small) and the twisting is due largely to packing 
constraints. The length of the N-C1’ bond has a small range of 0.03 Å, with all bonds being 
between 1.42 and 1.45 Å, although the bond lengths are a little bigger than the published 
values for CAr-N (planar), 1.413 Å, and even for CAr-N (pyramidal), 1.419 Å, (table 3.1).  
Figure 3.23 shows THNP-Cl-am and THNP-2CN-3Ph-am to have the smallest bonds, 
approximately 1.42 Å; THNP-H-am, THNP-2,3,3Cl-am and THNP-cHex-am to have bonds 
of approximately 1.43 Å and THNP-Me-am and THNP-2,3,3Cl-am to have bigger bonds, 
approximately 1.44 Å. With the exception of THNP-cHex-am the length of bonds shows a 
positive correlation with the twisting of the bond (figure 3.24) and could indicate that a 
larger degree of twisting affects the conjugation of the aromatic with the NHCOR group.   
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Table 3.11   The twisting of the THNP group and the length of the N-CAr (N-C1’) bond in THNP amides 
 
Torsion Angle 
C1-N-C1’-C2’ a, b 
(o) 
Length of N-C1’ bond 
(Å) 
THNP-H-am 44.7 c 1.430 [6]  d 
THNP-Me-am 65.7 1.445 [5] 
THNP-Cl-am 4.2 b 1.422 [2] 
THNP-2,3,3Cl-am a e 50.0 [7] 1.432 [6] 
THNP-2,3,3Cl-am b e 57.6 [6]  1.438 [6] 
THNP-2CN-3Ph-am 28.6 [2] 1.4179 [17] 
THNP-cHex-am 73.7 [2]  1.429 [2] 
 
a OC-N-C1’-C2’ for THNP-cHex-am 
b The values used for torsion angles indicate the angle from the plane without consideration of 
direction 
c Value measured using the J-mol structure  derived from the pdb file 
d  The numbers in square brackets refer to esd 
e THNP-2,3,3Cl-am a and b refer to two conformations of this amide found in the unit cell 
 
 
Figure 3.22   Twisting of THNP group in THNP amides 
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Figure 3.23   Length of N-C1’ bond in THNP amides 
 
 
Figure 3.24   Length of N-C1’ bond vs twisting of the THNP group in THNP amides 
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3.2.1.7.3   Summary of Observations and Conclusions 
 THNP-amides crystallise in a monoclinic crystal system with the most common 
space group being P21/c (P21/n). One amide THNP-H-am crystallised in the chiral 
crystal group P21 
 The geometry around N is planar in all amides i.e. N is sp2 hybridised. 
 The amide group is generally planar with the carbonyl twisting by less than 6 o in all 
amides.  
 The C=C group is almost planar in THNP-H-am and THNP-Cl-am, slightly bigger 
(app 30o) in THNP-Me-am, THNP-2Ph-3CN-am and THNP-cHex-am but 
significantly almost 60 o in THNP-2,3,3Cl-am (a and b). The length of the C1-C2 
bond varies from 1.49 – 1.52 Å. 
 The range of twisting of the THNP group is considerable (0.8 – 73.7 o) and could 
indicate a lack of favoured conformation in solution (i.e. a small rotation barrier of 
the N-C1’ bond).  
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3.2.2   Simple and substituted N-(2,6-dimethylphenyl)propenamides  (2,6-
diMePh amides) 
3.2.2.1   N-(2,6-dimethylphenyl)propenamide (2,6-diMePh-H-am) 
 
Empirical formula  C11H13NO 
Formula weight  175.22 
Crystal system  Orthorhombic 
Space group  Pna21  
Unit cell dimensions a = 32.709(3) Å          = 90 ° 
 b = 6.3933(7) Å         = 90 ° 
 c = 4.8088(6) Å          = 90 °  
Volume 1005.6(2) Å3 
Z 4 
Density (calculated) 1.157 Mg / m3 
             
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.25   ORTEP image, Chemdraw structure and structures generated from the cif file showing the 
molecule, the unit cell and the packing of 2,6-diMePh-H-am 
7 
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Table 3.12   Bond lengths, angles and torsion angles in 2,6-diMePh-H-am 
 
Bond Bond 
length  
(Å) 
Angles 
around N 
 
(o) 
Torsion Angles 
showing twisting of…(group) b 
  
(o) 
N-C1’ 1.438[5] a C1-N-C1’ 122.7 [4] C1-N-C1’-C2’… (2,6-diMePh) 64.7  
N-C1 1.359 [5] H-N-C1’ 118.0 [30] O-C1-N-C1’… (amide) -4.9 
C1-C2 1.477 [6] C1-N-H 116.0 [30] C3-C2-C1-N… (enone) 175.7 
(4.3) c 
  Total 356.7 [64]    
 
a Figures in square brackets show estimated standard deviation  
b Torsion angles were measured using the J-mol structure derived from the cif  file 
c The figure in brackets  indicates the angle with the plane without taking consideration of rotational 
direction 
 
The arrangement of substituents around N is almost planar with the carbonyl torsion angle 
being < 5 o. The degree of twisting is almost the same as in THNP-H-am. In all other 2,6-
diMePh amides, however, the degree of twisting of the carbonyl group was bigger compared 
with the corresponding THNP amide.  
The configuration around the N-C partial double bond is Z,  i.e. CO is anti to NH as 
commonly found in compounds in this work, although NMR of a crystal dissolved in CDCl3 
showed 21 % of E isomer indicating a degree of isomerisation in solution (chapter 2, 
subsection 2.2.2.1). 
The C=C group is twisted very little, and it is syn to CO, again a usual finding in the 
compounds in this work.  
The 2,6-diMePh group is twisted by more than 60 o; this high degree of twisting is found in 
all 2,6-diMePh amides. The twisting gives the molecule axial chirality although the 
symmetry of the group means that it is lost when the aromatic ring is exactly perpendicular 
to the amide plane, therefore it is almost certainly lost in solution. 
There are four molecules in the unit cell all with the same conformation and the packing 
shows four sets of chains in two groups. This amide crystallises in the orthorhombic system 
and not in the usual monoclinic. 
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3.2.2.2   N-(2,6-dimethylphenyl)methylpropenamide (2,6-diMePh-Me-am) 
 
Empirical formula  C12H15NO 
Formula weight  189.25 
Crystal system  Monoclinic 
Space group  P21/n  
Unit cell dimensions a = 8.0422(3) Å  = 90 ° 
 b = 35.0559(11) Å  = 94.2630(10) ° 
 c = 16.6702(6) Å   = 90 ° 
Volume 4686.8(3) Å3 
Z 16 
Density (calculated) 1.073 Mg / m3 
 
 
    
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.26   ORTEP image, Chemdraw structure and structures generated from the cif file showing the 
asymmetric unit and the unit cell of 2,6-diMePh-Me-am 
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Table 3.13   Bond lengths, angles and torsion angles in 2,6-diMePh-Me-am 
 
Bond Bond 
length  
(Å) 
Angles 
around N 
 
(o) 
Torsion Angles 
showing twisting of…(group) b 
  
(o) 
N-C1’ 1.439 [8] b C1-N-C1’ 123.0 [5] C1-N-C1’-C2’… (2,6-diMePh) 69.7 [8] 
N-C1 1.346 [8] H-N-C1’ 118.5 c O-C1-N-C1’… (amide) 6.1 [10] 
C1-C2 1.484 [9] C1-N-H 118.5 c C3-C2-C1-N… (enone) -159.8 [6] (20.2) c 
  Total 360.0    
 
Bond Bond 
length  
(Å) 
Angles 
around N 
 
(o) 
Torsion Angles 
showing twisting of…(group) b 
  
(o) 
N-C1’ 1.428 [7] b C1-N-C1’ 122.7 [5] C1-N-C1’-C2’… (2,6-diMePh) -109.9 [7] (70.1) d 
N-C1 1.336 [7] H-N-C1’ 118.7  c O-C1-N-C1’… (amide) 5.5 [10] 
C1-C2 1.495 [10] C1-N-H 118.7  c C3-C2-C1-N… (enone) -149.7 [7] 
  Total 360.1 [5]    
 
Bond Bond 
length  
(Å) 
Angles 
around N 
 
(o) 
Torsion Angles 
showing twisting of…(group) b 
  
(o) 
N-C1’ 1.424 [8] b C1-N-C1’ 123.1 [6] C1-N-C1’-C2’… (2,6-diMePh) -107.6 [8] (72.4) d 
N-C1 1.451 [9] H-N-C1’ 118.5  c O-C1-N-C1’… (amide) -9.6 [12] 
C1-C2 1.638 [16] C1-N-H 118.5  c C3-C2-C1-N… (enone) 117.5 [11] (62.5) d 
  Total 360.1 [6]    
  
Bond Bond 
length  
(Å) 
Angles 
around N 
 
(o) 
Torsion Angles 
showing twisting of…(group) b 
  
(o) 
N-C1’ 1.410 [9] b C1-N-C1’ 123.6 [6] C1-N-C1’-C2’… (2,6-diMePh) -85.2 [9] 
N-C1 1.335 [8] H-N-C1’ 118.2  c O-C1-N-C1’… (amide) 6.3 [11] 
C1-C2 1.496 [9] C1-N-H 118.2  c C3-C2-C1-N… (enone) -168.0 [7] (12.0) d 
  Total 360.0 [6]    
  
a Data was obtained with low resolution and R=14 % hence it is used only for general comments on trends  
b Figures in square brackets show estimated standard deviation  
c The position of H was calculated using the ‘riding model’ 
d The figure in brackets  indicates the angle with the plane without consideration of rotational direction 
Conformation a a 
Conformation b 
Conformation c 
Conformation d 
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Four different conformers were found in the asymmetric unit of this amide; all of which 
have a planar arrangement of substituents around N. In all of them CO is twisted by more 
than 5 o away from the C1-N-C1’ plane. 
The arrangement around the N-C1 bond in all conformers is the usual Z with CO anti to NH. 
The C=C bond twists out of the plane in all conformers and the torsion angles show no 
particular pattern, perhaps indicating a very low rotational barrier around the C1-C2 bond. 
In all the arrangement around C1-C2, C=C  is anti to CO which is unusual in compounds of 
this work and is found mainly in amides/imides with methyl substituent at C2. 
The 2,6-diMePh group is also twisted in all conformers by more than 65 o, a common 
finding in this set of amides. 
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3.2.2.3   N-(2,6-dimethylphenyl)-2-chloropropenamide (2,6-diMePh-Cl-am) 
 
Empirical formula  C11H12ClNO 
Formula weight  209.67 
Crystal system  Triclinic 
Space group  P1  
Unit cell dimensions a = 9.9946(7) Å  = 67.219(14) ° 
 b = 10.8957(8) Å  = 73.970(15) ° 
 c = 11.2856(8) Å   = 78.171(16) ° 
Volume 1082.4(2) Å3 
Z 4 
Density (calculated) 1.287 Mg / m3 
      
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.27   ORTEP image, Chemdraw structure and structures generated from the cif file showing the 
asymmetric unit, the unit cell and the packing of 2,6-diMePh-Cl-am 
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Table 3.14   Bond lengths, angles and torsion angles in 2,6-diMePh-Cl-am 
Conformation a 
Bond Bond 
length  
(Å) 
Angles 
around N 
 
(o) 
Torsion Angles 
showing twisting of…(group) 
  
(o) 
N-C1’ 1.442 [7] C1-N-C1’ 121.1 [4] C1-N-C1’-C2’… (2,6-diMePh) -81.2 [7] 
N-C1 1.348 [7] H-N-C1’ 120.0 [40] O-C1-N-C1’… (amide) 4.8 [8] 
C1-C2 1.509 [8] C1-N-H 119.0 [40] C3-C2-C1-N… (enone) 167.4 [5] 
(12.6) 
  Total 360.1 [84]    
Conformation b 
Bond Bond 
length  
(Å) 
Angles 
around N 
 
(o) 
Torsion Angles 
showing twisting of…(group) 
  
(o) 
N-C1’ 1.433 [7] a C1-N-C1’ 122.6 [4] C1-N-C1’-C2’… (2,6-diMePh) -69.8 [7] 
N-C1 1.348 [7] H-N-C1’ 114.0 [40] O-C1-N-C1’… (amide) 8.2 [8] 
C1-C2 1.506 [8] C1-N-H 123.0 [40] C3-C2-C1-N… (enone) -174.8 [5] 
(5.2) b 
  Total 359.6 [84]    
 
a Figures in square brackets show estimated standard deviation  
b The figure in brackets  indicates the angle with the plane without consideration of rotational 
direction 
The asymmetric unit of this amide has two molecules in two different conformations (a and 
b). The arrangement of substituents around N is planar in both. The carbonyl group is anti to 
NH and in both conformers is twisted more than in the corresponding THNP amide, 
although much less in conformer a than in conformer b. This does not appear to 
significantly inhibit conjugation in the amide group as the length of N-C1 is the same in 
both conformers. The C=C group is twisted in both conformers in opposite directions and 
also with a different angle although both torsion angles are small. The 2,6-diMePh group is 
almost perpendicular to the amide plane in both conformers. 
 The twisting of the C=C group gives the molecule axial chirality about the C2-C1 bond (aS 
for conformer a and aR for conformer b) although the crystal has an achiral space group 
(P1), (figure 3.28). 
                                                    
a b 
Figure 3.28   Newman projections of 2,6-diMePh-Cl-am  along C2-C1bond  for conformers a and b. The configuration is aS for 
conformer a and. aR for conformer b 
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3.2.2.4   N-(2,6-dimethylphenyl)-2,3,3-trichloropropenamide (2,6-diMePh-2,3,3Cl-am) 
 
Empirical formula  C11H10Cl3NO 
Formula weight  278.55 
Crystal system  Monoclinic 
Space group  P21/n  
Unit cell dimensions a = 11.214(7) Å  = 90 ° 
 b = 4.591(3) Å  = 100.894(16) ° 
 c = 24.986(15) Å   = 90 ° 
Volume 1263.1(14) Å3 
Z 4 
Density (calculated) 1.465 Mg / m3 
       
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.29   ORTEP image, Chemdraw structure and structures generated from the cif file showing the 
molecule, the unit cell and the packing of 2,6-diMePh-2,3,3Cl-am 
 
 
 
 
147 
 
Table 3.15   Bond lengths, angles and torsion angles in 2,6-diMePh-2,3,3Cl-am 
Position 1a 
 
Bond Bond 
length  
(Å) 
Angles 
around N 
 
(o) 
Torsion Angles 
showing twisting of…(group) 
  
(o) 
N-C1’ 1.440 [3] b C1-N-C1’ 124.5 [4] C1-N-C1’-C2’… (2,6-diMePh) -53.5 [5] 
N-C1 1.378 [8] H-N-C1’ 117.8 c O-C1-N-C1’… (amide) -9.3 [9] 
C1-C2 1.500 [11] C1-N-H 117.8 c C3-C2-C1-N… (enone) 83.9 [8] 
  Total 360.1 [4]    
Position 2 
Bond Bond length  
(Å) 
Angles 
around N 
 
(o) 
Torsion Angles 
showing twisting of…(group) 
  
(o) 
N-C1’ 1.440 [3]  C1-N-C1’ 118.4 [4] C1-N-C1’-C2’… (2,6-diMePh) -79.8 [5] 
N-C1 1.327 [10] H-N-C1’ 117.8 c O-C1-N-C1’… (amide) -168.2 [4] 
(11.8) d 
C1-C2 1.519 [11] C1-N-H 118.3 c C3-C2-C1-N… (enone) -72.7 [8] 
  Total 354.5 [4]    
 
a Data showed disorder, with two possible positions of the enone group 
b Figures in square brackets show estimated standard deviation  
c The position of H was calculated using the ‘riding model’ 
d The figure in brackets  indicates the angle with the plane without consideration of rotational 
direction 
.  
Crystallographic data showed uncertainty about the position of the enone group in this 
amide but despite the disorder the geometric parameters are much as might be expected 
considering the structures seen so far. In one of the positions, the arrangement of the 
substituents around N is pyramidal. The carbonyl group twists the most in this amide 
compared to other 2,6-diMePh and THNP amides.The C=C group also shows the largest 
twisting in this set being almost perpendicular as was also observed in THNP-2,3,3Cl-am.  
The amide crystallises in the monoclinic system as is commonly found in compounds of this 
work. Despite the extensive twisting, giving a chiral configuration for the individual 
molecules, this amide crystallised in the non chiral P21/n space group.  
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3.2.2.5   N-(2,6-dimethylphenyl)-cyclohex-1-enylcarboxamide  (D-cHex-am) 
 
Empirical formula  C15H19NO 
Formula weight  229.32 
Crystal system  Monoclinic 
Space group  P121/c1  
Unit cell dimensions a = 21.0082(15) Å  = 90 ° 
 b = 8.6345(5) Å  = 109.817(2) ° 
 c = 15.1956(11) Å   = 90 ° 
Volume 2593.2(3) Å3 
Z 8 
Density (calculated) 1.175 Mg / m3 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.30   ORTEP image, Chemdraw structure and structures generated from the cif file showing the 
molecule, the unit cell and the packing of 2,6-diMePh-cHex-am 
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Table 3.16   Bond lengths, angles and torsion angles in 2,6-diMePh-cHex-am 
Conformation a a   
Bond Bond 
length  
(Å) 
Angles 
around N 
 
(o) 
Torsion Angles 
showing twisting of…(group) 
  
(o) 
N-C1’ 1.429 [4] a OC-N-C1’ 121.3 [8] OC-N-C1’-C2’… (2,6-diMePh) 96.9 [4] 
N-CO 1.344 [4] H-N-C1’ 119.3 c O-C-N-C1’… (amide) 5.0 [4] 
OC-C1 1.495 [4] OC-N-H 119.3 c C2-C1-C(O-)N (enone) -157.7 [8] 
(22.3) d 
  Total 360.9 [8]    
 
Conformation b, Position 1 
Bond Bond 
length  
(Å) 
Angles 
around N 
 
(o) 
Torsion Angles 
showing twisting of…(group) 
  
(o) 
N-C1’ 1435 [12] b OC-N-C1’ 122.2 [6] OC-N-C1’-C2’… (2,6-
diMePh) 
77.5 [13] 
N-CO 1.342 [9] H-N-C1’ 118.9 c O-C-N-C1’… (amide) -5.2 [11] 
OC-C1 1.509 [12] OC-N-H 118.9 c C2-C1-C(O-)N (enone) -.32.9 [12] 
  Total 360.0 [6]    
 
Conformation b, Position 2 
Bond Bond 
length  
(Å) 
Angles 
around N 
 
(o) 
Torsion Angles 
showing twisting of…(group) 
  
(o) 
N-C1’ 1.435 [13] b OC-N-
C1’ 
123.4 [6] OC-N-C1’-C2’… (2,6-diMePh) -72.6 [11] 
N-CO 1.336 [9] H-N-C1’ 118.3 c O-C-N-C1’… (amide) 2.3 [11] 
OC-C1 1.500 [11] OC-N-H 118.3 c C2-C1-C(O-)N (enone) -155.1 [9] 
(24.9) d 
  Total 360.0 [6]    
 
a Data showed two conformations one of which showed disorder with two possible positions of most 
atoms 
b Figures in square brackets show estimated standard deviation  
c The position of H was calculated using the ‘riding model’ 
d The figure in brackets  indicates the angle with the plane without consideration of rotational 
direction 
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This amide has a planar arrangement of substituents around N and the amide group is also 
planar with CO approximately 5 o out of the plane and there is the usual Z configuration 
around the N-C1 bond.  
The C=C bond of the cyclohexenyl group is twisted out of plane by approximately 20 o but 
the  configuration around the partially double C1-C(O) bond has the usually observed syn 
arrangement of C=C and CO groups. The 2,6-diMePh group is almost perpendicular to the 
amide plane. The bond lengths are as expected. The disordered structures (position 1 and 2) 
do not appear to show geometries significantly different. 
The twisting of the cyclohexenyl group is responsible for molecular axial chirality but the 
2,6-diMePh group is almost perpendicular to the amide plane hence there is no axial 
chirality about the N-C1’ bond. The amide crystallised in the non-chiral P121/c1 space 
group. 
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3.2.2.6 Comparison of the structures of 2,6-diMePh-amides  
In this subsection information about all 2,6-diMePh amides (space groups, bond lengths and 
angles for the amide, enone (-C=C-CO-) and 2,6-diMePh groups) is tabulated and compared. 
3.2.2.6.1   Space Groups 
 
Table 3.17   Crystal systems and space groups of 2,6-diMePh-amides 
Amide Crystal 
System 
Space 
Group 
2,6-diMePh-H-am Orthorhombic Pna21 
2,6-diMePh-Me-am Monoclinic P21/n 
2,6-diMePh-Cl-am Triclinic P-1 
2,6-diMePh-2,3,3Cl-am Monoclinic P21/n 
2,6-diMePh-cHex-am Monoclinic P121/c1 
 
 
This set of amides contains two that did not crystallise in the usual monoclinic system; 2,6-
diMePh-H-am which is orthorhombic with space group Pna21 and 2,6-diMePh-Cl-am which 
is triclinic with space group P-1. 
3.2.2.6.2   Bond Lengths and Angles 
A. The amide group 
All amides have planar geometry around N with the sum of angles being approximately  
360 o apart from one of the possible positions of 2,6-diMePh-2,3,3Cl-am (position 2) where, 
at 354.5 o, it shows a degree of pyramidal arrangement (figure 3.31). The twisting of the 
carbonyl group is below 6 o in most amides in this set, apart from three where it twists by 
approximately 10 o (figure 3.32). Comparison with the corresponding THNP amides (figure 
3.35) shows that in all apart from 2,6-diMePh-H-am the carbonyl twists significantly more 
pointing to a possibly less strong conjugation within the amide group. However the length of 
the N-C1 bond ranges from 1.33 – 1.38 Å (figure 3.33) and comparison with the 
corresponding THNP amides shows that it is not significantly longer (figure 3.35). 
Furthermore it is, for most 2,6-diMePh amide, within the published range for conjugated N-
C in amides, (table 3.1, ‘N-C planar’). So, when all is considered, the indication is that the 
increased twisting of CO is not big enough to significantly affect conjugation. 
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Table 3.18   Bond lengths and angles in the amide group of 2,6-diMePh amides 
 Sum of angles 
around N 
(o) 
 
O-C1-N-C1’a, b 
(o) 
Length of N-C1 
bond c 
(Å) 
2,6-diMePh-H-am 356.7 [64] d 4.9 e 1.359 [5] 
2,6-diMePh -Cl-am a 360.1 [84]  4.8 [8] 1.348 [7] 
2,6-diMePh -Cl-am b 359.6 [84]  8.2 [8] 1.348 [7] 
2,6-diMePh -2,3,3Cl-am 1 360.1 [4]  9.3 [9] 1.378 [8] 
2,6-diMePh -2,3,3Cl-am  2 354.7 [4] f 11.8 [4]  1.327 [10] 
2,6-diMePh-cHex-am a 359.9 [8]  5. [4] 1.344 [4] 
2,6-diMePh-cHex-am 1 360.0 [6]  5.2 [11] 1.342 [9] 
2,6-diMePh-cHex-am 2 360.0 [6]  2.3 [11] 1.336 [9] 
 
a O-C-N-C1’ for 2,6-diMePh-cHex-am 
b The values used for torsion angles indicate the angle with the plane without consideration of 
rotational direction 
c N-CO for 2,6-diMePh-cHex-am 
d Figures in square brackets refer to estimated standard deviation 
e Value measured using the J-mol structure derived from the pdb file 
f The position of hydrogen atoms is defined using the ‘riding’ model 
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Figure 3.31   Sum of angles around N in 2,6-diMePh amides 
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Figure 3.32   Twisting of the carbonyl group in 2,6-diMePh amides 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.33   Length of N-C1 bond in 2,6-diMePh amides 
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Figure 3.34   Twisting of the carbonyl group in 2,6-diMePh and THNP amides 
 
 
Figure 3.35   Length of N-C1 bond in 2,6-diMePh and THNP amides 
 
 
B. The enone group 
The C=C group twists by less than 15 o in 2,6-diMePh-H-am and 2,6-diMePh-Cl-am but 
almost twice as much in 2,6-diMePh-cHex-am whereas in 2,6-diMePh-2,3,3Cl-am it is 
highly twisted and almost perpendicular to the amide group (figure 3.36). Surprisingly, 
despite the large range of the C=C twisting, the C1-C2 bond length does not vary greatly 
with a range of just 0.04 Å (1.48 – 1.52 Å), figure 3.37, a fact further illustrated in figure 
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3.38 where comparison of the bond length with the degree of twisting shows no obvious 
correlation. 
Table 3.19   The twisting of the C=C group and the length of C1-C2 bond in 2,6-diMePh amides 
 
  
C3-C2-C1-N a, b 
(o) 
Length of C1-C2 
bond c 
(Å) 
2,6-diMePh-H-am 4.3 d 1.477 [6] e 
2,6-diMePh -Cl-am a 12.6 [5] 1.509 [8] 
2,6-diMePh -Cl-am b 5.2 [5] 1.506 [8] 
2,6-diMePh -2,3,3Cl-am 1 83.9 [8] 1.500 [11] 
2,6-diMePh -2,3,3Cl-am 2 72.7 [8] 1.519 [11] 
2,6-diMePh-cHex-am a 22.3 [8] 1.495 [4] 
2,6-diMePh-cHex-am 1 32.9 [12] 1.509 [12]  
2,6-diMePh-cHex-am 2 24.9 [9] 1.500 [11] 
 
a C2-C1-C(O)-N for 2,6-diMePh-cHex-am 
b The values used for torsion angles indicate the angle with the plane without 
consideration of rotational direction 
c OC-C1 for 2,6-diMePh-cHex-am 
d Value obtained using the J-mol structure derived from the cif file 
e The values in square brackets refer to estimated standard deviation 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.36   Twisting of C=C in 2,6-diMePh amides 
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Figure 3.37   Length of C1-C2 bond in 2,6-diMePh amides 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.38   Length of C1-C2 vs twisting of C=C in 2,6-diMePh amides 
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small range of twisting of the aromatic group and as expected no obvious correlation is 
shown between bond length and degree of twisting (figure 3.41).  
 
Table 3.20   The twisting of the 2,6-diMePh group and the length of the N-CAr (N-C1’) bond in 2,6-diMePh 
amides 
 
C1-N-C1’-C2’ a, b 
(o) 
Length of N-C1’ bond 
(Å) 
2,6-diMePh-H-am 64.7 
c 1.438 [5] d 
2,6-diMePh-Cl-am a 81.2 [7] 1.442 [7] 
2,6-diMePh-Cl-am b 69.8 [7] 1.433 [7] 
2,6-diMePh-2,3,3Cl-am 1 53.5 [5] 1.440 [3] 
2,6-diMePh-2,3,3Cl-am 2 79.8 [5] 1.440 [3] 
2,6-diMePh-cHex-am a 96.9 [4] 1.429 [4] 
2,6-diMePh-cHex-am 1 77.5 [13] 1.435 [12] 
2,6-diMePh-cHex-am 2 72.6 [11] 1.435 [13] 
 
a OC-N-C1’-C2’ for 2,6-diMePh-cHex-am 
b The values used for torsion angles indicate the angle with the plane without 
consideration of rotational direction 
c Value calculated using the J-mol structure derived from the cif file  
d  The numbers in square brackets refer to esd 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.39   Twisting of 2,6-diMePh group in 2,6-diMePh amides 
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Figure 3.40   Length of N-C1' bond in 2,6-diMePh amides 
 
 
 
Figure 3.41   Length of N-C1’ (N-CAr) bond vs twisting of the 2,6-diMePh group in 2,6-diMePh amides 
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3.2.2.6.3   Summary of Observations 
 Three out of five amides of this set crystallise in a monoclinic crystal system with 
P21/n (P121/c1) space group. The crystal of 2,6-diMePh-H-am had a unit cell  which 
was orthorhombic with space group Pna 21 and of 2,6-diMePh-Cl-am  triclinic with 
space group P-1. 
 The arrangement of substituents around N is planar in almost all amides indicating 
that N is sp2 hybridised 
  In most 2,6-diMePh amides the carbonyl group is twisted more than in the 
corresponding THNP amides (i.e. amides with the same C2 substituent). Despite of 
this the length of N-C1 bond is similar in the two sets of compounds indicating no 
significant difference in the strength of conjugation within the amide group. 
 There is variable degree of twisting of C=C group, it being almost prependicular to 
the amide plane in 2,6-diMePh-2,3,3Cl-am but there is no correlation between this 
twisting and the length of the C1-C2 bond.  
 There is significant twisting of 2,6-diMePh group which is almost perpendicular to 
the N sp2 plane in all amides indicating a similar preferred conformation in solution. 
The length of the N-CAr bond ranges between 1.43 – 1.44  Å.  
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3.2.3   Simple and substituted N-benzoyl-N- (5,6,7,8-tetrahydro-1- 
naphthalenyl)propenamides   (THNP imides) 
3.2.3.1   N-benzoyl-N- (5,6,7,8-tetrahydro-1-naphthalenyl)propenamide (THNP-H-im) 
Empirical formula  C20H19NO2 
Formula weight  305.36 
Crystal system  Orthorhombic 
Space group  Pbca  
Unit cell dimensions a = 12.9405(5) Å  = 90 ° 
 b = 14.7665(5) Å  = 90 ° 
 c = 16.6390(11) Å   = 90 ° 
Volume 3179.5(3) Å3 
Z 8 
Density (calculated) 1.276 Mg / m3 
                             
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.42   ORTEP image, Chemdraw structure and structures generated from the cif file showing the 
molecule and the unit cell of THNP-H-im 
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Table 3.21   Bond lengths, angles and torsion angles in THNP-H-im 
 
Bond Bond length  
(Å) 
Angles 
around N 
 
(o) 
Torsion Angles 
showing twisting of…(group) 
  
(o) 
N-C1’ 1.4548 [13] a C1-N-C1’ 117.07 [8] C1-N-C1’-C2’… (THNP) -80.99 [12] 
N-C1  1.4139 [14] ObC-N-C1’ 116.56 [8] Oa-C1-N-C1’… (COa) -26.00 [14] 
C1-C2  1.4859 [15] ObC-N- C1 126.34 [9] Ob-C-N-C1’… (COb) -22.91 [14] 
N-COb 1.4046 [13] Total 359.97 
[25] 
C3-C2-C1-N… (C=C) 179.74 [11] 
(0.26) b 
C1’’-COb 1.4877 [15]   C2’’-C1’’-C-N… (C6H5) 153.46 [9] 
(26.54) b 
 
 
a Figures in square brackets show estimated standard deviation  
b The figure in brackets  indicates the angle with the plane without consideration of rotational 
direction 
  
The imide functional group in this compound is not planar with both CO groups twisted 
anticlockwise by torsion angles of 26.0 and 22.9 o; it is worth noting the increase in the 
twisting of COa compared with the CO of THNP-H-am (26.1
 o for THNP-H-im and only  
5.4 o in THNP-H-am). The N-C1 and N-COb lengths of 1.414 and 1.400 Å respectively are 
within the range of published values for C1-N pyramidal (table 3.1), suggesting possible 
decreased conjugation, although this is not supported by the planarity of the arrangement 
around N shown by the sum of angles of the N-substituents being equal to 360 o (taking into 
account experimental uncertainty).  
In this imide the C=C group is almost planar and the phenyl group twisted by almost 30 o, 
probably suggesting a stronger conjugation of the former with the carbonyl group. Despite 
its twisting the phenyl group is a poor contributor to the axial chirality of the molecule in 
solution as because of its symmetry such chirality is lost by a relatively small rotation to 
90 o. The THNP group is twisted by 81 o relative to the imide ‘plane’ and is the main 
contributor to axial chirality although the amide crystallised in the non chiral Pbca space 
group. 
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3.2.3.2   N-benzoyl-N- (5,6,7,8-tetrahydro-1-naphthalenyl)methylpropenamide (THNP-
Me-im) 
 
Empirical formula  C21H21NO2 
Formula weight  319.39 
Crystal system  Orthorhombic 
Space group  Pbca  
Unit cell dimensions a = 14.021(3) Å  = 90 ° 
 b = 13.796(2) Å  = 90 ° 
 c = 16.974(3) Å   = 90 ° 
Volume 3283.5(10) Å3 
Z 8 
Density (calculated) 1.292 Mg / m3 
                      
 
 
           
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
Figure 3.43   ORTEP image, Chemdraw structure and structures generated from the cif file showing the 
molecule, the unit cell and the packing of THNP-Me-im 
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Table 3.22   Bond lengths, angles and torsion angles in THNP-Me-im 
Bond Bond 
length  
(Å) 
Angles 
around N 
 
(o) 
Torsion Angles 
showing twisting of…(group) 
  
(o) 
N-C1’ 1.444[2] a C1-N-C1’ 118.46 [14] C1-N-C1’-C2’… (THNP) 71.2 [2] 
N-C1 1.413 [2] ObC-N-C1’ 117.58 [13] Oa-C1-N-C1’… (COa) 34.0 [2] 
C1-C2 1.489 [2] ObC-N- C1 123.94 [14] Ob-C-N-C1’… (COb) 24.2[2] 
N-COb 1.406 [2] Total 359.98 [41] C3-C2-C1-N… (C=C) 38.2 [2] 
C1’’-COb 1.494 [2]   C2’’-C1’’-C-N… (C6H5) -159. 67  [15] 
(20.33) b 
 
                                  
 a Figures in square brackets show estimated standard deviation  
b The figure in brackets  indicates the angle with the plane without consideration of rotational 
direction 
 
In this imide both carbonyl groups twist significantly, by 34 o and 24.2 o. The relevant bond 
lengths (N-C1 and N-COb) are within the published range for C1-N pyramidal (table 3.1). 
However the planar geometry about N suggests no significant loss of conjugation. 
The C=C group is twisted out of plane by 38.2 o similarly to the C=C in THNP-Me-am, and 
there is an anti arrangement of CO and C=C around the C1-C2 bond, which is rarely 
observed in compounds of this work. The phenyl group is also greatly twisted as was also 
found for THNP-H-im. 
Despite axial chirality in the molecule, mainly due to the twisting of C=C and THNP groups, 
the space group is the achiral Pbca. 
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3.2.3.3   N-benzoyl-N- (5,6,7,8-tetrahydro-1-naphthalenyl)-2,3,3-trichloropropenamide 
(THNP-2,3,3Cl-im) 
 
Empirical formula  C20H16Cl3NO2 
Formula weight  408.69 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Orthorhombic 
Space group  Pna21  
Unit cell dimensions a = 11.700(3) Å  = 90 ° 
 b = 19.158(5) Å  = 90 ° 
 c = 8.291(2) Å   = 90 ° 
Volume 1858.5(8) Å3 
Z 4 
Density (calculated) 1.461 Mg / m3  
  
 
 
 
 
 
 
 
 
Figure 3.44   ORTEP image, Chemdraw structure and structures generated from the cif file showing the 
molecule, the unit cell and the packing of THNP-2,3,3Cl-im 
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Table 3.23   Bond lengths, angles and torsion angles in THNP-2,3,3Cl-im 
Position 1 a 
Bond Bond 
length  
(Å) 
Angles 
around N 
 
(o) 
Torsion Angles 
showing twisting of…(group) 
  
(o) 
N-C1’ 1.460 [3] b C1NC1’ 116.5 [2] C1NC1’C2’… (THNP) -111.9 [3] 
(68.1)  c 
N-C1 1.387 [3] ObCNC1’ 120.9 [2] OaC1NC1’… (COa) 8.4 [4] 
C1-C2 1.520 [7] ObCN C1 119.0 [2] ObCNC1’… (COb) -142.9 [2] 
(37.1)  c 
N-COb 1.420 [3] Total 356.4 [6] C3C2C1N… (C=C) -140.5 [4] 
(39.9)  c 
C1’’-COb 1.485 [4]   C2’’C1’’CN… (C6H5) -156.3 [2] 
(68.1)  c 
 
Position 2 
Bond Bond 
length  
(Å) 
Angles 
around N 
 
(o) 
Torsion Angles 
showing twisting 
of…(group) 
  
(o) 
N-C1’ 1.460 
[3]  b 
C1NC1’ 116.5 [2] C1NC1’C2’… (THNP) -111.9 [3] 
(68.1) c 
N-C1 1.387 [3] ObCNC1’ 120.9 [2] OaC1NC1’… (COa) 8.4 [4] 
C1-C2 1.564 
[11] 
ObCN C1 119.0 [2] ObCNC1’… (COb) -142.9 [2] 
(37.1) c 
N-COb 1.420 [3] Total 356.4 [6] C3C2C1N… (C=C) 65.1 [9] 
C1’’-COb 1.485 [4]   C2’’C1’’CN… (C6H5) -156.3 [2] 
(68.1) c 
                                   
a  Crystallographic data showed uncertainty about two positions of the –C(Cl)=CCl2 group within 
two positions shown here as ‘position 1’ and ‘position 2’ 
b Figures in square brackets show estimated standard deviation  
c The figure in brackets  indicates the angle with the plane without consideration of rotational 
direction 
 
Whereas the COa group retains the planar configuration it had in THNP-2,3,3Cl-am, the 
other carbonyl group (COb) is significantly twisted. The relevant bond lengths, 1.387 Å for 
N-C1 and 1.420 Å for N-COb reflect the increased degree of conjugation of the amide group 
with COa. Both bond lengths are within the published range for C1-N pyramidal (table 3.1) 
and for this imide the indication of a lesser degree of conjugation was also supported by a 
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degree of pyramidicity around N as shown by the sum of angles of the N-substituents which 
is < 360 o.  
There is some uncertainly about the position of the C=C bond in this imide which appears 
rotated around the C1-C2 bond in opposite directions thus bringing the C2 chlorine 
substituent in the same side as COa in one position and at opposite sides in the other. In both 
positions the twisting of the C=C is similar (54.1 and 52.8 o).  The phenyl group is also 
significantly twisted by > 60 o. 
The THNP group is significantly twisted by 68.1 o relative to the imide plane, an angle 
which is approximately 20 o bigger than in THNP-2,3,3Cl-am.  
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3.2.3.4   N-benzoyl-N- (5,6,7,8-tetrahydro-1-naphthalenyl)-2-cyano-3-
phenylpropenamide (THNP-2CN-3Ph-im) 
 
Empirical formula  C27H22N2O2 
Formula weight  406.47 
Crystal system  Triclinic 
Space group  P1  
Unit cell dimensions a = 10.3631(5) Å  = 67.489(5) ° 
 b = 10.4061(5) Å  = 72.199(5) ° 
 c = 11.1916(7) Å   = 80.325(6) ° 
Volume 1059.77(10) Å3 
Z 2 
Density (calculated) 1.274 Mg / m3 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.45   ORTEP image, Chemdraw structure and structures generated from the cif file showing the 
molecule, the unit cell and the packing of THNP-2CN-3Ph-im 
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Table 3.24   Bond lengths, angles and torsion angles in THNP-2CN-3Ph-im 
Bond Bond 
length  
(Å) 
Angles 
around N 
 
(o) 
Torsion Angles 
showing twisting 
of…(group) 
  
(o) 
N-C1’ 1.4517 
[12] a 
C1-N-C1’ 116.03 [8] C1-N-C1’-
C2’… 
(THNP) -108.80 [11] 
(71.20) b 
N-C1 1.4135 
[13] 
ObC-N-C1’ 120.46 [8] Oa-C1-N-C1’… (COa) 13.96 [15] 
C1-C2 1.4981 
[14] 
ObC-N- C1 119.48 [8] Ob-C-N-C1’… (COb) -145.81 [10]  
(34.19) b 
N-COb 1.4103 
[13] 
Total 355.97 [24] C3-C2-C1-N… (C=C) -154.82 [10] 
(25.18) b 
C1’’-COb 1.4910 
[14] 
  C2’’-C1’’-C-
N… 
(C6H5) -146.99 [10] 
(33.01) b 
 
 
a Figures in square brackets show estimated standard deviation  
b The figure in brackets  indicates the angle with the plane without consideration of rotational 
direction 
  
There is significant difference in the twisting of the two carbonyl groups with COb much 
more twisted than COa. Despite the difference in the degree of twisting the length of the 
relevant bonds is very similar and within the published range of C1-N pyramidal (table 3.1). 
The suggested lesser degree of conjugation is confirmed by the pyramidicity of N shown by 
the sum of angles of N-substituents being < 360 o. The C=C and phenyl groups are twisted 
by almost the same degree  The THNP group is greatly twisted in this imide also as in the 
previous imides of this set. 
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3.2.3.5   N-benzoyl-N-(5,6,7,8-tetrahydro-1-naphthalenyl)cyclohex-1-enyl-1-
carboxamide  (THNP-cHex-im) 
 
Empirical formula  C24H25NO2 
Formula weight  359.45 
Temperature  100(2) K 
Wavelength  0.71075 Å 
Crystal system  Orthorhombic 
Space group  P212121  
Unit cell dimensions a = 8.0781(8) Å  = 90 ° 
 b = 9.2327(9) Å  = 90 ° 
 c = 25.185(3) Å   = 90 ° 
Volume 1878.4(3) Å3 
Z 4 
Density (calculated) 1.271 Mg / m3 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.46   ORTEP image, Chemdraw structure and structures generated from the cif file showing the 
molecule and the unit cell of THNP-cHex-im 
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Table 3.25   Bond lengths, angles and torsion angles in THNP-cHex-im 
Bond Bond 
length  
(Å) 
Angles 
around N 
 
(o) 
Torsion Angles 
showing twisting 
of…(group) 
  
(o) 
N-C1’ 1.461[8] OaCNC1’ 116.8 [6] OaCNC1’C2’… (THNP) -81.4 [8] 
N-COa 1.422 [9] ObCNC1’ 117.7 [6] OaCNC1’… (COa) -31.8 
[10] 
OaC-C1 1.468 [9] ObCN C1  125.5 [6] ObC1NC1’… (COb) -16.1 
[10] 
N-COb 1.411 [8] Total 360.0 
[18] 
C3C2C1N… (C=C) -36.6 [9] 
C1’’-COb 1.463 [9]   C2’’C1’’CN… (C6H5) 139.1 [7] 
(40.8) 
 
a Figures in square brackets show estimated standard deviation  
b The figure in brackets  indicates the angle with the plane without consideration of rotational 
direction 
 
In this imide too the twisting of the two carbonyl groups is different with COa twisting more 
than COb and N-C1 is longer than N-COb, suggesting a lesser degree of conjugation for the 
more twisted COa. Although both bond lengths are within the published range for C1-N 
pyramidal (table 3.1) the arrangement around N is planar as shown by the sum of angles of 
N-substituents which is close to 360 o. The C=C and phenyl groups twist by almost similar 
degree and, as shown in figure 3.46, are almost parallel to each other. The THNP group is 
also highly twisted as was shown in all other imides of this set. 
This imide was found to crystallise in the chiral crystal group P212121. The unit cell (figure 
3.46) shows the same configuration for all 4 molecules, with no mirror image structures, 
indicating a chiral crystal. A similar structure and space group were shown by X-ray 
diffraction of a crystal of the same imide prepared previously by another worker by a 
different method.12 Moreover published results for a similar imide, N-(benzoylformyl)-N-
(5,6,7,8-tetrahydro-1-naphthalenyl)cyclohex-1-enyl-1-carboxamide, show that it also 
crystallises in the same space group (P212121)  and with very similar torsion angles, (table 
3.26).1  
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Table 3.26   Torsion angles for THNP-cHex-im and a similar imide, N-(benzoylformyl)-N-(5,6,7,8-tetrahydro-
1-naphthalenyl)cyclohex-1-enylcarboxamide  
  THNP-cHex-im Similar 
imide 
(Published 
values) 
Torsion Angles 
showing twisting of…(group) 
 
(o) 
OaCNC1’C2’… (THNP) -81.5 78.0 
OaCNC1’… (COa) -31.7 35.0 
ObC1NC1’… (COb) -16.1 13.2 
 
3.2.3.6   Comparison of the structures of THNP-imides  
In this subsection information about all THNP imides (space groups, bond lengths and 
angles for the imide, enone (-C=C-CO-), phenyl and THNP groups) is tabulated and 
compared. 
3.2.3.6.1   Space Groups 
Table 3.27   Crystal systems and space groups in THNP imides 
Imide 
Crystal 
System Space Group 
THNP-H-im Orthorhombic Pbca 
THNP-Me-im Orthorhombic Pbca 
THNP-2,3,3Cl-im Orthorhombic Pna21 
THNP-2CN-3Ph-im Triclinic P1 
THNP-cHex-im Orthorhombic P212121 
 
The most frequent crystal system in this set of imides was orthorhombic. THNP-cHex-im 
crystallised in a chiral space group P212121 and it is worth noting that published results for a 
similar imide N-(benzoylformyl)-N-(5,6,7,8-tetrahydro-1-naphthalenyl)cyclohex-1-enyl-1-
carboxamide showed it to crystallise in the same chiral space group. 
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3.2.3.6.2   Bond Lengths and Angles 
A. The imide group 
The sum of angles around N shows that only some imides of this group have planar 
arrangement around N indicating sp2 hybridisation of N, (figure 3.47),  with THNP-2,3,3Cl-
im and THNP-2CN-3Ph-im showing a degree of pyramidicity (sum of angles around N  
< 360 o). The two carbonyl groups show varied degree of twisting without particular pattern 
i.e. in some COa is more twisted than COb and vice versa (figure 3.48). The lengths of the 
relevant bonds (N-C1 and N-COb) are within the published range for N-C1 pyramidal and 
do not appear to vary significantly having a range of 1.40 -1.42 Å (with the exception of 
THNP-2,3,3Cl-im) (figure 3.49). Comparison of the length of bonds with the twisting of the 
relevant carbonyl group did not show a correlation for COa, probably due to the small range 
of lengths (figure 3.50), but showed a general positive correlation for COb (figure 3.51).  
Comparison of THNP imides with the corresponding THNP amides showed that both 
carbonyls twist more in imides and that the length of the relevant bonds is also bigger, 
(figure 3.52); this could be due to the greater steric crowding.  
 
Table 3.28   Bond lengths and angles in the imide group of THNP imides 
 
Sum of angles 
around N 
(o) 
O-C1-N-
C1’a, b 
(COa) 
(o) 
Ob-C-N-
C1’ 
(COb) b 
(o) 
Length of 
N-C1 bond 
c 
(Å) 
Length of 
N-COb bond 
(Å) 
THNP-H-im 359.97 [25] d 26.00 [14] 22.91 [14] 1.4139 [14] 1.4046 [13] 
THNP-Me-im 359.98 [41] 34.0 [2] 24.2 [2] 1.413 [2] 1.406 [2] 
THNP-2,3,3Cl-im 1 e 356.4 [6] 8.4 [4] 37.1 [2] 1.387 [3] 1.42 [3] 
THNP-2,3,3Cl-im 2 e 356.4 [6] 8.4 [4] 37.1 [2] 1.387 [3] 1.42 [3] 
THNP-2CN-3Ph-im 355.97 [24] 13.96 [15] 34.19 [1] 1.4135 [13] 1.4103 [13] 
THNP-cHex-im 360.00 [18] 31.8 [10] 16.1 [10] 1.422 [9] 1.411 [8] 
 
a Oa-C-N-C1’for THNP-cHex-im 
b The values used for torsion angles indicate the angle from the plane without 
consideration of direction 
c N-COa for THNP-cHex-im 
d Figures in square brackets  refer to estimated standard deviation (esd) 
 e THNP-2,3,3Cl-im 1 and  2  refer to two possible positions of this imide 
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Figure 3.47   Sum of angles around N in THNP imides 
 
 
 
Figure 3.48   Twisting of the two carbonyl groups in THNP imides 
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Figure 3.49   Length of N-C1 and N-COb bonds in THNP imides 
 
 
 
 
Figure 3.50   Length of N-C1 bond vs twisting of the relevant carbonyl group (COa) in THNP imides 
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Figure 3.51   Length of N-COb bond vs COb twisting in THNP imides 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.52  Twisting of carbonyl groups (A) and length of N-C bonds (B) in THNP amides and imides  
 
 
B. The enone group 
The twisting of the C=C group within the imides of this set varies significantly, (figure 
3.54), as is the length of the C1-C2 bond, (figure 3.54). Comparison of the former with the 
latter showed a general positive correlation, (figure 3.55). 
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Table 3.29   The twisting of the C=C group and the length of C1-C2 bond in THNP imides 
 
C3-C2-C1-N a, b 
(o) 
Length of C1-C2 bond c  
(Å) 
THNP-H-im 0.26 [11] d 1.4859 [15] 
THNP-Me-im 38.2 [2] 1.489 [2] 
THNP-2,3,3Cl-im 1 e 39.9 [4] 1.52 [7] 
THNP-2,3,3Cl-im 2 e 65.1 [9] 1.564 [11] 
THNP-2CN-3Ph-im 25.18 [10] 1.4981 [14] 
THNP-cHex-im 36.6 [9] 1.468 [9] 
 
a  C2-C1-C(O)-N for THNP-cHex-im 
b The values used for torsion angles indicate the angle from the plane without 
consideration of direction 
c OC-C1for THNP-cHex-im 
d The numbers in square brackets refer to estimated standard deviation  (esd) 
e THNP-2,3,3Cl-im 1 and  2  refer to two possible positions of this imide 
 
 
 
 
Figure 3.53   Twisting of C=C in THNP imides 
 
 
0.3
38.2 39.9
65.1
25.2
36.6
0.0
20.0
40.0
60.0
80.0
A
n
g
le
 C
3
-C
2
-C
1
-N
 (
o
)
177 
 
 
 
Figure 3.54   Length of C1-C2 bond in THNP imides 
 
 
Figure 3.55   Length of C1-C2 bond vs twisting of C=C in THNP imides 
 
C. The phenyl group 
Twisting of the phenyl group is between 25 – 40 o in most imides apart from THNP-
2,3,3Cl-im where it twists significantly more (by almost 70 o), (figure 3.56). The bond 
lengths vary from 1.46 to 1.49 Å, (figure 3.57), but comparison of the former with the 
latter showed no obvious correlation possibly due to the small range of bond length, 
(figure 3.58). 
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Table 3.30   The twisting of the phenyl group and the length of COb-C1’’ bond in THNP imides 
 
C2’’-C1’’-C-Na 
(o) 
Length of COb-C1'' 
bond 
(Å) 
THNP-H-im 26.54 [9] b 1.4877 [15] 
THNP-Me-im 20.33 [15] 1.494 [2] 
THNP-2,3,3Cl-im 1 c 68.1 [2] 1.485 [4] 
THNP-2,3,3Cl-im 2 c 68.1 [2] 1.485 [4] 
THNP-2CN-3Ph--im 33.01 [10] 1.491 [14] 
THNP-cHex-im 40.8 [7] 1.463 [9] 
 
a The values used for torsion angles indicate the angle from the plane without consideration 
of direction 
b The numbers in square brackets refer to estimated standard deviation (esd) 
c THNP-2,3,3Cl-im 1 and  2  refer to two possible positions of this imide 
 
 
 
 
 
Figure 3.56   Twisting of the phenyl group in THNP imides 
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Figure 3.57   Length of COb-C1’’ bond in THNP imides 
 
 
 
 
Figure 3.58   Length of COb-C1''bond vs twisting of the phenyl group in THNP imides 
 
D. The THNP group 
The twisting of the THNP group is much less varied in the imides (range 68.1 – 80.99 o) , 
(figure 3.59) than in THNP amides (4.2 – 73.7 o), (figure 3.22). This small range indicates 
that the twisting could be due to intrinsic molecular properties and hence be retained in 
solution long enough to influence reactivity. 
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The N-C1’ bond length varies from 1.44 to 1.46 Å (figure 3.60). The range is small but 
expected to be so given the small range of twisting of the THNP group. A comparison of the 
bond lengths with the twisting of the THNP group shows no correlation possibly because of 
the small range of both twisting of the THNP group and the length of the N-C1’ bond (figure 
3.61). However, comparison of THNP imides with the corresponding THNP amides showed 
larger degree of twisting in the imides (in most cases) and also larger N-C1’ bond length 
(figures 3.62 and 3.63). 
 
Table 3.31   The twisting of the THNP group and the length of N-CAr (N-C1’) bond in THNP imides 
 
C1-N-C1’-C2’a, b 
(o) 
Length of N-C1’ bond 
(Å) 
THNP-H-im 80.99 [12] c 1.4548 [13] 
THNP-Me-im 71.2 [2] 1.444 [2] 
THNP-2,3,3Cl-im 1 d 68.1 [3] 1.46 [3] 
THNP-2,3,3Cl-im 2 d 68.1 [3] 1.46 [3] 
THNP-2CN-3Ph-im 71.2 [11] 1.4517 [12] 
THNP-cHex-im 81.4 [8] 1.461 [8] 
 
a OaC-N-C1’-C2’ in THNP-cHex-im 
b The values used for torsion angles indicate the angle from the plane without consideration of 
direction 
c The numbers in square brackets refer to estimated standard deviation (esd) 
d THNP-2,3,3Cl-im 1 and  2  refer to two possible positions of this amide 
 
 
Figure 3.59  Twisting of the THNP group in THNP imides 
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Figure 3.60  Length of N-C1' bond in THNP imides 
 
 
 
Figure 3.61   Length of N-C1' bond vs twisting of THNP group in THNP imides 
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Figure 3.62   Twisting of THNP group in amides and imides 
 
 
 
Figure 3.63   Length of N-C1' bond in THNP amides and imides 
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3.2.3.6.3   Summary of Observations 
 THNP-imides crystallise in the orthorhombic crystal system mostly with non-chiral 
space groups. One THNP imide (THNP-cHex-im) crystallised in the chiral space 
group P212121. 
 The arrangement of substituents around N is planar in most of the imides (taking into 
consideration experimental uncertainty) apart from THNP-2,3,3Cl-im and THNP-
2CN-3Ph-im. 
 Both carbonyl groups are much more twisted in imides than the C=O group in the 
corresponding amides. This is reflected in the relevant length of the N-C bond which 
is bigger in THNP imides than in THNP amides.  
 There is a varying degree of twisting of the C=C group and there is a general positive 
correlation with the length of the C1-C2 bond. 
 The range of the twist of the phenyl group is much smaller than of the C=C group 
and no correlation was obvious with the relevant bond length. 
 The THNP group twists much more than in amides to an almost perpendicular 
position. The small range of twisting could point to a possible similar preferred 
conformation in solution. 
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3.2.4    Simple and substituted  N-benzoyl-N-(2,6-
dimethylphenyl)propenamides (2,6-diMePh imides) 
3.2.4.1   N-benzoyl-N-(2,6-dimethylphenyl)propenamide (2,6-diMePh-H-im) 
Empirical formula  C18H17NO2 
Formula weight  279.33 
Crystal system  Monoclinic 
Space group  P21/n  
Unit cell dimensions a = 7.9344(13) Å  = 90 ° 
 b = 23.6854(12) Å  = 115.883(7) ° 
 c = 8.6855(6) Å   = 90 ° 
Volume 1468.5(3) Å3 
Z 4 
Density (calculated) 1.263 Mg / m3 
         
 
 
 
 
 
Figure 3.64   ORTEP image, Chemdraw structure and structures generated from the cif file showing the 
molecule, the unit cell and the packing of 2,6-diMePh-H-im 
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Table 3.32   Bond lengths, angles and torsion angles in 2,6-diMePh-H-im 
Bond Bond length  
(Å) 
Angles 
around N 
 
(o) 
Torsion Angles 
showing twisting of…(group) 
  
(o) 
N-C1’ 1.4571 [14] a C1-N-C1’ 120.34 
[9] 
C1-N-C1’-C2’… (2,6-diMePh) 99.05 [13] 
N-C1 1.4074 [15] ObC-N-C1’ 116.37 
[9] 
Oa-C1-N-C1’… (COa) 158.33 [11] 
(21.67) b 
C1-C2 1.4921 [16] ObC-N -C1  121.64 
[9] 
Ob-C-N-C1’… (COb) 18.80 [16] 
N-COb 1.4229 [14] Total 358.35 
[27] 
C3-C2-C1-N… (C=C) 178.49 [12] 
(1.41) b 
C1’’-
COb 
1.4900 [17]   C2’’-C1’’-C-N… (C6H5) 149.33 [11] 
(30.67) b 
 
a Figures in square brackets show estimated standard deviation  
b The figure in brackets  indicates the angle with the plane without consideration of rotational 
direction 
 
Whereas the carbonyl group in 2,6-diMePh-H-am was almost planar (twisting by just 4.9 o, 
table 3.12) COa in 2,6-diMePh-im twists significantly, by 21.67 
o. The other carbonyl group 
in the imide is also twisted, almost by the same degree. The length of the relevant bonds (N-
C1 and N-COb) does not vary greatly and is within the range found for similar bonds in 
THNP-imides. The arrangement of substituents around N is pyramidal but flat with the sum 
of angles only approximately 1 o smaller than 360 o. The C=C is syn to COa and at the same 
plane as suggested by the very small torsion angle whereas C6H5 is significantly twisted. 
The 2,6-diMePh group is also greatly twisted and is the almost perpendicular to the C1-N-
C1’ plane. Because of the symmetry of the 2,6-diMePh and the phenyl group any axial 
chirality due to their twisting is easily lost in solution so it is not unexpected that the imide 
crystallised in a non-chiral space group, (P21/n).  
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3.2.4.2   N-benzoyl-N-(2,6-dimethylphenyl)methylpropenamide (2,6-diMePh-Me-im) 
 
Empirical formula  C19H19NO2 
Formula weight  293.35 
Crystal system  Monoclinic 
Space group  P21/n  
Unit cell dimensions a = 9.22940(10) Å  = 90 ° 
 b = 12.5996(4) Å  = 106.7740(10) ° 
 c = 14.7036(4) Å   = 90 ° 
Volume 1637.08(7) Å3 
Z 4 
Density (calculated) 1.190 Mg / m3 
  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.65   ORTEP image, Chemdraw structure and structures generated from the pdb file showing the 
molecule, the unit cell and the packing of 2,6-diMePh-Me-im 
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Table 3.33   Bond lengths, angles and torsion angles in 2,6-diMePh-Me-im 
Bond Bond 
length  
(Å) 
Angles 
around N 
 
(o) 
Torsion Angles 
showing twisting of…(group) b 
  
(o) 
N-C1’ 1.4579 
[16] a 
C1-N-C1’ 117.89 [10] C1-N-C1’-C2’… (2,6-
diMePh) 
86.9 
N-C1 1.4044 
[17] 
ObC-N-C1’ 117.15 [10] Oa-C1-N-C1’… (COa) 20.9 
C1-C2 1.4960 
[19] 
ObC-N- C1  124.96 [11] Ob-C-N-C1’… (COb) 25.5 
N-COb 1.4135 
[17] 
Total 360.0 [31] C3-C2-C1-N… (C=C) -142.5 (37.5) c 
C1’’-COb 1.4855 
[19] 
  C2’’-C1’’-C-N… (C6H5) -152.5 (27.5) c 
 
a Figures in square brackets show estimated standard deviation  
b Torsion angles were measured using the J-mol structure derived from the pdb file 
c The figure in brackets  indicates the angle with the plane without consideration of rotational 
direction 
 
In this imide also the carbonyl groups are much more twisted (20.9 o and 25.5 o) than in the 
corresponding amide (6.1 o, table 3.13). The arrangement of substituents around N is planar. 
The C=C is twisted by 37.5 o and is anti to COa, an uncommon configuration for the 
compounds of this work, observed mainly in those with Me substituent at C2. 
The phenyl group is also twisted out of the plane and being at the same side and only 10 o 
less twisted than the C=C group it is almost parallel to it.  
The 2,6-diMePh ring is twisted and almost perpendicular to the C1-N-C1’ plane. 
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3.2.4.3   N-benzoyl-N-(2,6-dimethylphenyl)cyclohex-1-enyl-1-carboxamide  (2,6-
diMePh-cHex-im) 
Empirical formula  C22H23NO2 
Formula weight  333.41 
Crystal system  Monoclinic 
Space group  P21/c  
Unit cell dimensions a = 8.4082(4) Å  = 90 ° 
 b = 17.4191(8) Å  = 103.037(7) ° 
 c = 12.5207(8) Å   = 90 ° 
Volume 1786.56(16) Å3 
Z 4 
Density (calculated) 1.240 Mg / m3 
                          
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.66   ORTEP image, Chemdraw structure and structures generated from the cif file showing the 
molecule, the unit cell and the packing of 2,6-diMePh-cHex-im 
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Table 3.34   Bond lengths, angles and torsion angles in 2,6-diMePh-cHex-ima 
Bond Bond length  
(Å) 
Angles 
around N 
 
(o) 
Torsion Angles 
showing twisting of…(group) 
  
(o) 
N-C1’ 1.455 [3] b OaC-N-C1’ 117.91 
[17] 
OaC-N-C1’-C2’… (2,6-diMePh) 78.3 [2] 
N-COa 1.408 [3] ObC-N-C1’ 117.55 
[16] 
Oa-C-N-C1’… (COa) 26.4 [3] 
OaC-C1 1.485 [3] ObC-N- C1 124.44 
[17] 
Ob-C1-N-C1’’… (COb) 22.5 [3] 
N-COb 1.410 [3] Total 359.90 
[50] 
C3-C2-C1-N… (C=C) 32.6 [3] 
C1’’-COb 1.490 [3]   C2’’-C1’’-C-N… (C6H5) -144.3  
[2](35.7) c 
 
a The uncertainty shown by ORTEP for the cyclohexenyl group does not affect any of the bond 
lengths and angles shown in the table 
b Figures in square brackets show estimated standard deviation  
c The figure in brackets  indicates the angle with the plane without consideration of rotational 
direction 
 
Here also, both carbonyl groups twist by a similar degree (26.4 o and 22.5 o) which is 
significantly bigger than in the corresponding amide (5.0 o, table 3.16). The arrangement of 
the substituents around N is planar. The C=C group twits by approximately 30 o and is 
almost parallel to the phenyl group as was also observed in the THNP-cHex-im. 
The 2,6-diMePh group is almost perpendicular to the imide plane, a trend that is found in 
both sets of imides. 
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3.2.4.4   Comparison of the structures of 2,6-diMePh-imides  
In this subsection information about all 2,6-diMePh imides (space groups, bond lengths and 
angles for the imide, enone (-C=C-CO-), phenyl and 2,6-diMePh groups) is tabulated and 
compared. 
3.2.4.4.1   Space Groups 
Table 3.35   Crystal systems and space groups of 2,6-diMePh imides 
Imide 
Crystal 
System Space Group 
2,6-diMePh-H-im Monoclinic P21/n 
2,6-diMePh-Me-im Monoclinic P21/n 
2,6-diMePh-cHex-im Monoclinic P21/c 
 
Although THNP imides crystallise mostly in the orthorhombic system, the imides of this set 
crystallise in the monoclinic and they all have non-chiral space groups. 
3.2.4.4.2   Bond Lengths and Angles 
 
A. The imide group 
The arrangement around N is planar for all imides (within experimental uncertainty) apart 
from 2,6-diMePh-H-am, (figure 3.67). The imide group is not planar as both carbonyl 
groups twist by 20 – 25 o, although the values do not vary greatly between imides or for the 
two carbonyl groups in one imide (figure 3.68). The range of bond lengths is very small 
(1.41 – 1.42 Å), (figure 3.69), hence no obvious correlation is seen when compared with the 
degree of twisting (figures 3.70 and 3.71).  
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Table 3.36   Bond lengths and angles in the imide group of 2,6-diMePh imide 
 
Sum of angles 
around N  
(o) 
O-C1-N-C1’ 
a, b 
(COa) 
(o) 
Ob-C-N-C1’b 
(COb) 
(o) 
Length of N-
C1 bond c 
(Å) 
Length of 
N-COb 
bond 
(Å) 
2,6-diMePh-H-im 358.35 [27]d 21.67 [11] 18.8 [16] 1.4074 [15] 1.4229 [14] 
2,6-diMePh-Me-im 360.00 [31] 20.9 e 25.5 e 1.4044 [17] 1.4135 [17] 
2,6-diMePh-cHex-im 359.90 [50] 26.4 [3] 22.5 [3] 1.408 [3] 1.410 [3] 
 
a Oa-C-N-C1’for 2,6-diMePh-cHex-im 
b The values used for torsion angles indicate the angle from the plane without 
consideration of direction 
c N-COa for 2,6-diMePh-cHex-im 
d Figures in square brackets  refer to estimated standard deviation (esd) 
e Value measured using the J-mol structure derived from the pdb file 
 
 
 
Figure 3.67   Sum of angles around N in 2,6-diMePh imides 
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Figure 3.68   Twisting of CO
a
 and CO
b
 groups in 2,6-diMePh imides 
 
 
 
Figure 3.69   Length of N-C1 and N-COb bonds in 2,6-iMePh imides 
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Figure 3.70   Length of N-C1 bond vs twisting of the relevant carbonyl group (COa) in 2,6-diMePh imides 
 
 
 
Figure 3.71   Length of N-COb bond vs twisting of the relevant carbonyl group (COb) in 2,6-diMePh imides 
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B. The enone group 
Although in 2,6-diMePh-H-im the C=C group is planar, in the other two imides it is twisted 
by approximately 30 o (figure 3.72). The length of the relevant bond does not vary greatly 
and shows no correlation with the twisting of C=C (figures 3.73 and 3.74). Comparison of 
the degree of twisting of C=C in all four sets of amides / imides show that in all (apart from 
one conformation of 2,3,3Cl-im) the degree of twisting for amides with the same C=C 
substituents does not vary greatly ( ≤  10 o) (figure 3.76), and the same is observed with the 
length of the relevant bond (figure 3.75), possibly indicating a correlation. 
Table 3.37   The twisting of the C=C group and the length of C1-C2 bond in 2,6-diMePh imides 
 
C3-C2-C1-N a, b 
(o) 
Length of C1-C2 bond c 
(Å) 
2,6-diMePh-H-im 1.51 [12] d 1.4921 [16] 
2,6-diMePh-Me-im 37.5 e 1.4960 [19] 
2,6-diMePh-cHex-im 32.6 [3] 1.485 [3] 
 
a  C2-C1-C(O)-N for 2,6-diMePh-cHex-im 
b The values used for torsion angles indicate the angle from the plane without 
consideration of direction 
c OC-C1for 2,6-diMePh-cHex-im 
d The numbers in square brackets refer to estimated standard deviation  (esd) 
e Value measured using the J-mol structure derived from the pdb file 
 
 
Figure 3.72   Twisting of C=C in 2,6-diMePh imides 
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Figure 3.73   Length of C1-C2 bond in 2,6-diMePh imides 
 
 
 
Figure 3.74   Length of C1-C2 bond vs twisting of the C=C group in 2,6-diMePh imides 
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Figure 3.75   Twisting of C=C in 2,6-diMePh and THNP amides and imides 
 
 
Figure 3.76   Length of C1-C2 bond in 2,6-diMePh amides and imides 
 
 
C. The phenyl group 
The phenyl group twists by 25 - 35 o in all imides and the C1’’-COb bond is approximately 
1.49 Å in all imides (figures 3.77 and 3.78). There is no obvious correlation between 
twisting of the phenyl group and the length of the relevant bond (figure 3.79). 
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Table 3.38   The twisting of the phenyl group and the length of COb-C1’’ bond in 2,6-diMePh imides 
 
C2’’-C1’’-C-N a 
(o) 
Length of COb-C1'' 
bond 
(Å) 
2,6-diMePh-H-im 30.01 [11] b 1.4900 [17] 
2,6-diMePh-Me-im 25.5 c 1.4855 [19] 
2,6-diMePh-cHex-im 35.7[2] 1.490 [3] 
 
a The values used for torsion angles indicate the angle from the plane without 
consideration of direction 
b The numbers in square brackets refer to estimated standard deviation (esd) 
c Value measured using the J-mol structure derived from the pdb file 
 
 
Figure 3.77   Twisting of the phenyl group in 2,6-diMePh imides 
 
 
Figure 3.78   Length of C1’’-COb bond in 2,6-diMePh imides 
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Figure 3.79   Length of C1’'-COb bond vs twisting of the phenyl group 
 
D. The 2,6-diMePh group 
The 2,6-diMePh-group appears to twist to an almost perpendicular position by 80 – 90 o and 
the N-C1’ bond is approximately 1.46 Å in all imides, (figures 3.80 and 3.81). No 
correlation is shown between twisting and bond length, (figure 3.82). 
Table 3.39   The twisting of the 2,6-diMePh group and the length of N-CAr (N-C1’) bond in 2,6-diMePh imides 
 
C1-N-C1’-C2’ a, b 
(o) 
Length of N-C1’ bond 
(Å) 
2,6-diMePh-H-im 99.05 [13] c 1.455 [3] 
2,6-diMePh-Me-im 86.9 d 1.4579 [16] 
2,6-diMePh-cHex-im 78.3 [2] 1.4571 [14] 
  
a OaC-N-C1’-C2’ in 2,6-diMePh-cHex-im 
b The values used for torsion angles indicate the angle from the plane without consideration of 
direction 
c The numbers in square brackets refer to estimated standard deviation (esd) 
d Value measured using the J-mol structure derived from the pdb file 
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Figure 3.80   Twisting of the 2,6-diMePh group in 2,6-diMePh imides 
 
Figure 3.81   Length of N-C1' bond in 2,6-diMePh imides 
 
 
Figure 3.82   Length of N-C1' bond vs twisting of the 2,6-diMePh group 
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3.2.4.4.3   Summary of Observations 
 2,6-diMePh-imides crystallise in the monoclinic crystal system in P21/n space group. 
 The arrangement of substituents around N is almost planar in all imides with the sum 
of angles around N being only 1.65 o smaller than 360 o in 2,6-diMePh-H-im. 
 Amides and imides (2,6-diMePh and THNP) with the same C2 and C3 substituents 
have very similar twisting of the C=C group. 
 The length of C1-C2 bond shows a general correlation with the C=C twist. 
Characteristically C1-C2 bonds have very similar length in amides and imides with 
the same C2 and C3 substituents. 
 The 2,6-diMePh group twists greatly in both amides and imides and is almost 
perpendicular to the C1-N-C1’ plane 
3.4   Conclusion 
Most of the compounds in this work crystallised in the monoclinic crystal system and in non 
chiral space groups. However two compounds had chiral groups; THNP-H-am (P21) and 
THNP-cHex-im (P212121). Moreover, published data for a compound similar to THNP-
cHex-im showed it to crystallise in the same chiral space group and with very similar torsion 
angles. The indication here is that the crystal structure for these particular compounds is not 
affected by conditions of crystallisation and is probably due to intrinsic molecular 
properties, although attempts to rationalise this process by observed trends in the compounds 
in this work was not successful. The degree and the direction of twisting did not appear to be 
always related to the size of substituents with the clearest example being THNP-Cl-am 
which was planar despite the bulkiness of the Cl and THNP substituents. 
The most common arrangement of substituents around N was planar with only a few 
compounds showing a pyramidal one and even then the sum of angles was only slightly 
lower than 360 o. The CO group was almost planar in amides but twisted much more greatly 
out of plane in imides indicating a lesser degree of conjugation. This was confirmed by the 
length of the N-C bonds which in imides were much longer than in amides revealing a 
bigger degree of single bond character. The 2,6-diMePh group was generally twisted much 
more than the THNP group. Both groups, though, were twisted much more in imides than in 
amides. The consistency of the almost perpendicular aryl group on the 2,6-diMePh amides 
and imides suggests that this might be the preferred conformation even in solution. 
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3.5   Experimental 
Crystallographic data was obtained by the U.K. National Crystallography Service (NCS) in 
the University of Southampton. The equipment and processes used differed for each 
compound and specific details for each amide/imide are provided in the Support 
Information. An example (for THNP-H-am) is given below. 
Diffractometer: Nonius KappaCCD area detector ( scans and  scans to fill asymmetric 
unit sphere).  
Cell determination: DirAx (Duisenberg, A.J.M.(1992). J. Appl. Cryst. 25, 92-96.)  
Data collection: Collect (Collect: Data collection software, R. Hooft, Nonius B.V., 1998). 
Data reduction and cell refinement: Denzo (Z. Otwinowski & W. Minor, Methods in 
Enzymology (1997) Vol. 276: Macromolecular Crystallography, part A, pp. 307326; C. W. 
Carter, Jr. & R. M. Sweet, Eds., Academic Press).  
Absorption correction: SADABS (Sheldrick, G. M. (2007). SADABS. Version 2007/2. 
Bruker AXS Inc., Madison, Wisconsin, USA.).  
Structure solution: SHELXS97 (Sheldrick, G.M. (2008). Acta Cryst. A64, 112-122.). 
Structure refinement: SHELXL97 (G Sheldrick, G.M. (2008). Acta Cryst. A64, 112-122.). 
Graphics: CAMERON (Watkin, D. M., Pearce, L. & Prout, C. K. (1993). Chemical 
Crystallography Lab, University of Oxford) 
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CHAPTER FOUR 
4. COMPUTATIONAL STUDIES 
4.1   Introduction 
The amides/imides studied in this work have bulky aromatic substituents which, in most 
compounds, have been shown by crystallography to twist out of the amide plane; out of all 
the compounds for which crystallographic data was obtained, only one (THNP-Cl-am) was 
found to have almost planar N–Ar group. An example of a twisted amide studied in this work 
is shown in figure 4.1 
 
Figure 4.1   N-(2,6-dimethylphenyl)cyclohex-1-enyl-1-carboxamide. (Spartan structure derived from X-ray 
crystallographic data) 
However, the conformation of a molecule in a crystal is influenced not only by intrinsic 
molecular properties, but also by intermolecular forces and/or packing constraints. When the 
latter are relieved, for example when the compound is in solution which is the case for most 
reactions, the conformation could change and this must be taken into account whenever 
conformation is used to rationalise the reactivity of compounds. The twisting of the N–CAr 
bond, in the compounds in this work, is particularly important because the bulkiness of the 
aromatic substituent could lead to a relatively large rotational barrier and also because of the 
accompanying effect on conjugation and electronic distribution in the whole molecule. An ab 
initio study of the individual molecules in the gaseous state (in vacuo) was made to determine 
the preferred conformations when the molecules are free of other constraints apart from those 
resulting from intrinsic molecular properties as well as to give some indication of the 
magnitude of the rotational barrier and the lifetime of rotation around N–CAr.  
Ab initio methods have often been used for the study of the conformation of amides. 
Examples of such studies include reports on the planarity of the amide group (and the extent 
to which it is an effect of resonance) 
1, 2, 3, 4  
and on O vs N protonation of amides.
5,6
 A 
theoretical study of conformation of N-phenylamides (anilides), in particular  
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N-phenylethanamide (acetanilide) and N-methyl-N-phenylethanamide (N-methylacetanilide) 
was reported by Saito et al. (1995); it was based on the Hartree-Fock (HF) method using  6-
31G* and 4-31G basis sets.
7
 The trans structure (with NH anti to the CO) was found to be 
more stable than the cis in N-phenylethanamide whereas the opposite was observed in N-
methyl-N-phenylethanamide where the more stable was the cis form, (figure 4.2). In both 
amides, the phenyl group was found to be planar with the amide group in the trans 
conformations and almost perpendicular to the amide group in the cis.  
              
 
 
 
 
 
 
Figure 4.2    The preferred conformations of N-phenylethanamide (a) and N-methyl-N-phenylethanamide (b) as 
reported in studies by Saito et al. in 1995
7 
Similar findings were reported by Ilieva et al., in 1997, in a study of N-(2-methylphenyl) 
methanamide (o-methylformanilide) where the cis form was found to be more stable than the 
trans. The aromatic ring which was planar to the amide group in the trans conformer, was 
found at 44.65 
o
 out of plane in the cis conformer, (figure 4.3).
8
  
 
 
 
 
 
 
Figure 4.3   The preferred conformation of N-2-methylphenylmethanamide as reported by Ilieva et al. in 1997
8 
The method used was Hartree-Fock and the authors found that the minimum basis set that 
gave accurate results was 4-31G. A more extensive study was reported by the same authors, 
Ilieva et al. in 1999, on the conformation of a series of N-phenylamides (anilides): N-
phenylmethanamide (formanilide), N-phenylethanamide (N- acetanilide), N-(2-
methylphenyl)ethanamide (o-methylacetanilide), N-(2,6-dimethylphenyl)methanamide (2,6-
dimethyl-formanilide), N-(2,6-dimethylphenyl)ethanamide (2,6-dimethylacetanilide), N-
b a 
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benzylethanamide (N-benzylacetamide) and N-benzylmethanamide (N-benzylformamide ), 
figure 4.4. Again the computation was performed at HF/4-31G
 
 level.
9
 
             
 
   
 
 
 
 
 
 
  
Figure 4.4   N-phenylmethanamide (a), N-phenylethanamide (b), N-(2-methylphenyl)ethanamide (c), N-(2,6-
dimethylphenyl)methanamide (d), N-(2,6-dimethylphenyl)ethanamide (e), N-benzylethanamide (f) and N-
benzylmethanamide (g). The conformations shown are as reported by Ilieva et al., in 1999, based on the HF/4-
31G model.
9 
Here the trans conformer of all amides was found to be more stable except in N-(2,6-
dimethylphenyl)methanamide where the most stable was the cis form. For N-
phenylmethanamide the aromatic group was planar both in the trans and cis conformers 
whereas in N-phenylethanamide it was planar only in the trans conformer and perpendicular 
to the amide group in the cis. Interestingly the aromatic ring in 2,6-dimethylphenyl amides 
was found to be almost perpendicular to the amide in both trans and cis conformations. This 
result is in agreement with findings in this work as 2,6-diMePh amides have also been shown 
by crystallographic data to have the aromatic substituent almost perpendicular to the amide 
group (in contrast, for example, to THNP amides where the degree of twisting varied 
significantly), (chapter 3).  
This chapter reports on the computational study of the conformation of the amides/imides 
shown in figure 4.5 in the gaseous state (in vacuo), at the B3LYP/6-31G* level.  
 
 
 
 
 
 
a b c d e 
f g 
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R
1
 = THNP; 2,6-diMePh      R
2
 = H, Me, Cl   (R2’ = H, Me)   R3 = H, Me 
Figure 4.5    The amides/imides examined in this work by ab initio studies 
The starting point for each calculation was the X-ray crystallographic structure. However, it 
is well known that X-ray crystallography grossly underestimates C-H bond lengths, so, at 
first, the positions of H atoms were minimised by geometry optimisation at the B3LYP/6-
31G* or B3LYP/6-31+G* level, with all heavy atoms frozen. Next an optimisation of the 
whole molecule was carried out and used to compare the energetically preferred 
conformation with the conformation shown by crystallographic data. (For 2,6-diMePh amides 
and THNP imides, only optimisation of the whole molecule i.e. with all atoms unfrozen, was 
performed). Then an energy profile was obtained for rotation around the N-CAr bond.  
For the first amide (THNP-H-am) the models used were HF/3-21G, HF/6-31G*, B3LYP/6-
31G*, B3LYP/6-311+G** and comparison of the results showed B3LYP/6-31G* to be an 
appropriate model for the rest of the calculations. 
 
The rate constant of the rotation (k) was calculated using the Eyring equation.
10
 
     (
  
 
 )  
    
    
The value of κ (transmission coefficient) was taken to be equal to 1, kB / h (Boltzmann 
constant / Planck’s constant) = 2.083 x 1010 s K-1, R (gas constant) = 8.31451 J mol-1 K-1, T = 
298 K and ΔG‡ was taken to be equal to the electronic energy of the calculated barrier 
(relative to the lowest energy conformation). The lifetime of rotation (τ) was then calculated 
as 1/k.
11
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4.2   Results and Discussion 
4.2.1   N-(5,6,7,8-tetrahydro-1-naphthalenyl)propenamide (THNP-H-am) 
The structure of THNP-H-am from X-ray crystallography was 
loaded into Spartan ’04. Geometry optimisation was performed 
firstly with the heavy atoms frozen (i.e. in this work, all atoms apart 
from hydrogen) in order to minimise H, at the B3LYP/6-31+G* 
level, and following that for the whole compound at HF/3-21G, HF-6-31G*, B3LYP/6-31G* 
and B3LYP/6-311+G** levels. The geometry optimised structures were used for energy 
profile calculations at the same levels, HF/3-21G, HF/6-31G*, B3LYP/6-31G* and 
B3LYP/6-31+G**1, for rotation around the N–CAr bond. 
While the H-optimised molecule showed the THNP group twisted by -44.70 
o
 in the 
geometry optimised conformation it was almost planar, with a torsion angle of 4.59 
o
, (figure 
4.6).  
 
 
 
Figure 4.6   Conformation of THNP-H-am in the H-optimised crystal structure (left) and after geometry 
optimisation (B3LYP/6-31G*), (right) 
The energy profile (B3LYP/6-31G*) is plotted below, (figure 4.7). 
 
 
 
 
  
 
Figure 4.7   Energy profile (B3LYP/6-31G*) for rotation about the N-THNP bond in THNP-H-am 
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The energy profile shows that the highest energy conformation is when THNP is planar, with 
the cyclohexanyl group on the same side as the ‘enone’ group (i.e. Ccarbonyl-N-Cipso-CHortho = 
180 
o
). Here N-Ar conjugation would be expected to be strong but its effect is outweighed by 
the increased steric hindrance. The other planar conformation where the enone and 
cyclohexanyl groups are anti is the most stable (lowest energy one) since in this position the 
steric hindrance is minimised and conjugation maximised. The energy profile also shows 
local maxima at 90 and 270 
o
 where conjugation of the aromatic ring is minimum but steric 
hindrance is not yet at the highest level. The ΔE‡, i.e. the rotational barrier, is 39.09 kJ mol -1. 
The rate constant of rotation (k) was calculated by the Eyring calculation to be 8.73 x 10
5
 s
-1
 
and the lifetime (τ) was 1.14 x 10-6 s.  
The same process was repeated with other basis sets. All results are summarised in table 4.1 
Table 4.1   The rotational barrier, rate constant and life time of rotation of THNP ring in THNP-H-am 
calculated with different basis sets 
Basis Set ΔE‡ (kJ mol-1) k (s-1) τ (s) 
B3LYP/6-311+G** 39.72 6.77 x 10
5
 1.48 x 10
-6
 
B3LYP/6-31G* 39.09 8.73 x 10
5 
1.14 x 10
-6 
HF/6-31G* 45.27 7.21 x 10
4 
1.39 x 10
-5 
HF/3-21G 47.93 2.46 x 10
4 
4.06 x 10
-5 
There is significant difference in k and τ at HF and B3LYP levels but only a small difference 
at B3LYP/6-311+G** and B3LYP/6-31G* , so for all other amides/imides the energy profile 
calculations were performed at B3LYP/6-31G* level.  
At this point it is worth revisiting the crystal structure of THNP-H-am which shows this 
molecule to have the THNP group twisted relative to the amide group by -44.7 
o
 (Ccarbonyl-N-
Cipso-CHortho = 315.3 
o
) and the conformation is chiral (aS) (chapter 3, subsection 3.2.1.1). 
Furthermore, this molecule is unusual in this study in that it crystallises in a chiral space 
group (P21), so the same enantiomeric conformation exists for all molecules within the single 
crystal. This raises the question not just of atropisomerism,
a
 but also of spontaneous 
resolution,
b
 or even total spontaneous resolution.
c
 However the computational arguments 
                                                 
a
 Enantiomers (able to be isolated) resulting from restricted rotation about single or partial double bonds. 
b
 Resolution by spontaneous crystallisation of individual enantiomers. 
c
 Preferential crystallisation of one enantiomeric form , while the other racemises, but only in solution. 
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above indicate that on dissolution the molecule can easily rotate to the achiral planar 
conformation and that the rotation is ‘down the energy profile’ to planarity. Indeed rotation 
even through the large barrier at 180 
o
 is on the μs timescale, and since the chiral 
conformation (such as the aS conformation shown in the crystal conformation of this amide) 
is converted to its mirror image (aR) simply by rotating the THNP group (from -44.70 
o
 to 
+44.70 
o
), useful atropisomerism for this molecule is unlikely in solution. 
It is useful now to consider the simple case of N-phenylpropenamide which is not one of the 
compounds studied experimentally in this work but one that can serve as a reference case for 
these calculations.  
4.2.2   N-phenylpropenamide 
Crystallographic data obtained for this compound, which was 
synthesised by other workers, showed the conformation of the amide to 
be planar, (figure 4.8). The energy profile for this molecule was based 
on the model constructed within Spartan, initially minimised by MMFF before B3LYP/6-
31G* energy profile calculations. 
 
 
Figure 4.8   Conformation of N-phenylpropenamide in the crystal structure 
The B3LYP/6-31G* energy profile is shown in figure 4.9. 
 
Figure 4.9   Energy profile (B3LYP/6-31G*) for rotation about the N-Ar bond in N-phenylpropenamide 
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The energy profile shows that, similarly to THNP-H-am, the molecule has a minimum energy 
when planar and a maximum when the phenyl group is perpendicular to the amide ring (i.e. 
torsion angles 90 and 270 
o
). The asymmetry of the aromatic group in THNP-H-am gave a 
greater energy maximum when the aromatic ring was planar, with the cyclohexanyl group at 
the same side as the ‘enone’, indicating that the effect of steric hindrance at this position 
outweighs the favourable conjugation. In this amide the phenyl group has no substituents and 
hence both planar positions are of minimum energy due to maximum conjugation.  
The ΔE‡ of N-phenylacrylamide was calculated as 21.85 kJ mol-1 and the lifetime (τ) as 1.09 
x 10
-9
 s. Predictably, the rotational barrier (ΔE‡) of this amide is lower than THNP-H-am 
because of the difference in the size of the two aromatic substituents and rotation is faster 
with a lifetime 1000 times shorter. This is entirely consistent with the crystal structure. 
4.2.3   N-(5,6,7,8-tetrahydro-1-naphthalenyl)methylpropenamide (THNP-
Me-am) 
 Following initial H-atom optimisation further geometry 
optimisation did not alter significantly the crystal conformation. The 
torsion angle of the aromatic ring in the conformation given by full 
geometry optimisation was -112.41 
o
 and in the H-optimised 
structure it was -114.29 
o
, (figure 4.10). This was surprising in view of the THNP-H-am 
result (which optimised to a planar conformation) and indeed it was this result that prompted 
the energy profile study. 
 
 
Figure 4.10   Conformation of THNP-Me-am in the H-optimised structure at B3LYP/6-31+G* level 
The B3LYP/6-31G* energy profile is shown in figure 4.11. 
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Figure 4.11   Energy profile (B3LYP/6-31G*) for rotation about the N-Ar bond in THNP-Me-am 
The profile is similar to THNP-H-am as expected. Interestingly the torsion angle of the 
optimised conformation that started from the crystal structure (-114.29
 o
 or 245.71 
o
), shows 
in the energy profile as close to a local energy minimum (the closest energy minimised angle 
to the torsion angle of the input pdb file is at 244 
o
). But overall the most stable conformation 
is shown to be when the aromatic substituent is planar and the cyclohexanyl group is anti to 
the enone group. 
The highest ΔE‡ is 37.62 kJ mol-1 which would give τ = 6.33 x 10 -7 s, very similar to THNP-
H-am (ΔE‡ = 39.00 kJ mol-1; τ =1.10 x 10 -6 s) indicating that the methyl substituent does not 
substantially alter the rotational barrier, not unexpectedly since the optimised structure has 
the ‘enone’ and THNP groups at opposite sides and rotation of the ring would not sterically 
be affected by the C=C substituent. 
4.2.4   N-(5,6,7,8-tetrahydro-1-naphthalenyl)-2-chloropropenamide (THNP-
Cl-am) 
This amide was the only one with an almost planar crystal structure 
and this planarity was maintained after all atom geometry 
optimisation with only a minimal change of torsion angle from 4.19 
o
 
in the H-optimised structure to 6.72 
o
 in the geometry optimised one, 
(figure 4.12). 
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Figure 4.12   Conformation of THNP-Cl-am in the H-optimised structure at B3LYP/6-31+G* level 
The B3LYP/6-31G* energy profile is shown in figure 4.13. 
 
Figure 4.13   Energy profile (B3LYP/6-31G*) for rotation about the N-Ar bond in THNP-Cl-am 
The shape is the same as for the previous THNP-amides with the most stable conformation 
being the planar with the cyclohexanyl group anti to the enone group. The highest ΔE‡ was 
39.57 kJ mol
-1
 and τ was 1.39 x 10
-6
 s again similar to the ones calculated for previous 
amides.  
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4.2.5   N-(5,6,7,8-tetrahydro-1-naphthalenyl)cyclohex-1-enyl-1-
carboxamide (THNP-cHex-am) 
The crystallographic data for this compound showed disorder 
for the C3- C5 atoms and a ‘rogue’ oxygen atom probably as a 
result of residue H2O in the crystal (chapter 3, subsection 
3.2.1.6). The input (pdb) file was manipulated and the disorder 
as well as the rogue oxygen atom removed; these atoms were remote from the N-THNP 
anyway. Partial geometry optimisation was done first with all heavy atoms frozen other than 
C3-C5 in order to calculate the energetically minimised position for the C3 – C5 atoms and 
for the H atoms; then the usual procedure was followed, i.e the whole molecule was 
optimised using the previously optimised conformation as the input file. The torsion angle 
between the aromatic substituent and the amide group in the final optimised conformation 
was 115.49 
o
, only marginally different from the one in the crystal structure, 106.26 
o
. Figure 
4.14 shows the B3LYP/6-31G*  geometry optimised structure of THNP-cHex-am. Once 
again, as will be seen in the energy profile below, this turned out to be a local minimum. 
 
Figure 4.14   Conformation of THNP-cHex-am in the H-optimised structure at B3LYP/6-31+G* level 
The B3LYP/6-31G* energy profile is shown in figure 4.15.  
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Figure 4.15   Energy profile (B3LYP/6-31G*) for rotation around the N-Ar bond in THNP-cHex-am 
The profile shows a similar shape to the other THNP-amides, with the most stable 
conformation having the THNP ring planar and the cyclohexanyl group anti to the enone 
group, although also showing conformations with local energy minima at 120 – 130 o and  
240 – 250 o. The highest ΔE‡ is 40.41 kJ and τ is 1.95 x 10
-6
 s again very similar to the other 
THNP amides studied. 
4.2.6   N-(2,6-dimethylphenyl)propenamide (2,6-diMePh-H-am) 
Attention was then turned to 2,6-diMePh amides. In 2,6-diMePh-H-am 
geometry optimisation did not change significantly the degree of 
twisting of the aromatic substituent. The relevant torsion angle 
changed from 64.78 
o
 in the crystal to 62.79 
o
 in the optimised structure, (figure 4.16). 
 
Figure 4.16   Conformation of 2,6-diMePh-H-am after geometry optimisation (B3LYP/6-31G*) 
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The B3LYP/6-31G* energy profile is shown in figure 4.17.  
 
 
Figure 4.17   Energy profile (B3LYP/6-31G*) for rotation around the N-Ar bond in 2,6-diMePh-H-am 
In contrast to the previous group of amides both planar conformations (0 
o
 and 180 
o
) here 
have the highest ΔE‡ indicating that steric hindrance is significant enough to outweigh the 
stabilising effect of maximum conjugation. This was also found in amides with the same 
aromatic group in published reports.
9
 Again as with THNP amides there are local maxima at 
90 
o
 and 270 
o
 where the aromatic ring is least conjugated with the amide group although the 
most energetically stable conformations are shown to have torsion angles close to these.
d
  
The highest rotational barrier was 30.36 kJ mol
-1
 and lifetime was calculated as 3.38 x10-8 s, 
100 times smaller than the lifetime of the same rotation in THNP-amides. Although rotation 
is fast, the persistent preference of the aromatic ring for the perpendicular position (seen in all 
crystal structures and quantum mechanical calculations) indicates that even in solution this 
could be the preferred conformation. Thus, conjugation of the amide with the aromatic group 
(and therefore activation of the ring by the NHCOR group) is minimal; a fact reflected in the 
reactivity of this group of amides as will be described in the next chapter. 
 
 
 
                                                 
d
 The fact that the exact local minima are slightly on either side of 90 
o
 (270 
o
) reflects the inclusion of a small 
degree of conjugation before the steric effect dominates. 
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4.2.7   N-(2,6-dimethylphenyl)methylpropenamide (2,6-diMePh-Me-am) 
 The crystallographic (pdb) file for this amide shows four 
molecules with different conformations. The input file was manipulated 
so that geometry optimisation was performed on only one molecule. 
Two such optimisations were done starting from two different initial conformations (although 
time constraints did not allow for previous optimisation of H atoms). Interestingly the 
optimised torsion angle between the aromatic ring and the amide group was the same  
(63.83 
o
), whichever starting conformation was used, despite the different starting values 
(69.53 
o
 and 71.87 
o
), (figure 4.18). 
 
 
 
 
Figure 4.18   Conformations of 2,6-diMePh-Me-am before (input 1 – 69.53 o –  and 2 – 71.87 o) and after 
geometry optimisation (B3LYP/6-31+G*) 
 
The energy profile for the first optimised structure failed to complete. The B3LYP/6-31G* 
energy profile for the second optimised structure is shown in figure 4.19. 
 
Input 1 Input 2 Optimised 
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Figure 4.19   Energy profile (B3LYP/6-31G*) for rotation around the N-Ar bond in 2,6-diMePh-Me-am 
The pattern shown by the energy profile is much the same as for the previous amide (2,6-
diMePh-H-am) showing energy maxima when the aromatic ring is planar and the most stable 
conformations when the aromatic ring is almost perpendicular. Again there are local energy 
maxima when the aromatic ring is exactly perpendicular to the amide group but the barrier 
here is very small. The graph around these points (90 and 270 
o
) is not symmetrical showing 
one rather than two energy minima in places adjacent to it. The torsion angle of 67.5 
o
 in one 
such energy minimum matches the one calculated by geometry optimisation. 
The rotational barrier for this amide is high at 43.59 kJ mol
-1
. The calculated lifetime (τ) is 
7.04 x10
-6
 s also much larger than the one for the previous amide, but only a little larger than 
the range of the lifetime for the THNP-amides.  
4.2.8   N-(2,6-dimethylphenyl)cyclohex-1-enyl-1-carboxamide (2,6-diMePh-
cHex-am) 
The crystallographic (pdb) file for this amide showed two molecules, 
one with disorder in almost all atoms (chapter 3, subsection 3.2.2.5); 
therefore the input structure was manipulated so that geometry 
optimisation was performed on only one molecule. Again due to time 
constraints optimisation did not include initial work on the position of H atoms but was 
performed once on the whole molecule. Geometry optimisation of this amide reduced the 
torsion angle of the aromatic substituent shown in the crystallographic (pdb) file by 
approximately 20 
o
 (from -83.26 
o
 to -63.74 
o
), (figure 4.20). 
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Figure 4.20   Conformation of 2,6-diMePh-cHex-am after geometry optimisation (B3LYP/6-31G*) 
The B3LYP/6-31G* energy profile is shown in figure 4.21. 
 
Figure 4.21   Energy profile (B3LYP/6-31G*) for rotation around the N-Ar bond in 2,6-diMePh-cHex-am 
Once again the energy profile is very similar to the profiles of the other amides of this group 
showing the most favourable conformations to have the aromatic substituent almost 
perpendicular to the amide group. The rotational barrier was calculated as 32.92 kJ mol
-1
 
giving a lifetime of 9.49 x 10 
-8
 s, a value similar to that for 2,6-diMePh-H-am. 
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4.2.9   N-benzoyl-N-(5,6,7,8-tetrahydro-1-naphthalenyl)propenamide 
(THNP-H-im) 
A limited study of the imides was then undertaken. In these 
molecules the added benzoyl group increases the extent of 
conjugation compared to the previously described amides. It also 
increases the intramolecular steric interactions and the molecules are 
much more twisted in the crystal state, (figure 4.22). 
 
 
 
 
 
 
 
Figure 4.22   Conformation of THNP-H-im in the crystal state 
For this imide geometry optimisation was done only to energy minimise the position of H 
atoms and then this file used as an input file for the energy profile. 
The B3LYP/6-31G* energy profile is shown in figure 4.23. 
 
Figure 4.23   Energy profile (B3LYP/6-31G*) for rotation around the N-Ar bond in THNP-H-im 
The pattern here is much more complicated compared with the amides as the hindrance to the 
rotation of the THNP group is more extensive. It must be noted though that the planar 
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conformations are no longer energetically favoured as in the precursor (THNP) amides. 
Instead the energetically favoured conformation has the THNP ring highly twisted, almost 
perpendicular to the amide group; a result that supports the findings from crystallographic 
data. The rotational barrier is much higher than for amides at 73.51 kJ mol
-1
 and the lifetime 
of complete rotation was calculated to be 1.24 s showing a much slower rotation although not 
slow enough for the compound to be considered atropisomeric. In fact ‘half rotation’, e.g. 
from 300 
o
 to 75 
o
 (via 0 
o
) or 75 
o
 to 300 
o 
(via 180 
o
) would interconvert chiral atropisomers. 
The 180 
o
 barrier is even lower (66.81 kJ mol
-1
) and for this rotation τ < 0.1 s. 
4.2.10   N-benzoyl-N-(5,6,7,8-tetrahydro-1-
naphthalenyl)methylpropenamide (THNP-Me-im) 
 Geometry optimisation of all atoms (i.e. with all atoms unfrozen) at 
B3LYP/6-31G* level in this amide, did not change the torsion angle 
between the THNP and CO-N-CO system, which remained at  
81.78 
o
, The geometry optimised structure is shown in figure 4.24. 
 
Figure 4.24   Conformation of THNP-Me-im after geometry optimisation (B3LYP/6-31G*) 
 
The B3LYP/6-31G* energy profile is shown in figure 4.25 
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Figure 4.25   Energy profile (B3LYP/6-31G*) for rotation around the N-Ar bond in THNP-Me-im 
The pattern shown by the energy profile is similar to the one for the previous imide in that it 
also shows the planar conformations to be at energy maxima and the most stable ones to have 
torsion angles approximately 60 
o
 or 260 
o
. Also, similarly to the previous imide there is no 
local maximum shown for 90 and 270 
o
. The rotational barrier was calculated as 87.72 kJ 
mol
-1 
giving a lifetime of rotation as 382 s, a much larger lifetime than in any of the previous 
compounds, although inteconversion via 0 
o
 barrier would be much faster as the barrier is 
significantly lower. 
4.2.11   N-benzoyl-N-(5,6,7,8-tetrahydro-1-naphthalenyl)cyclohex-1-enyl-1-
carboxamide (THNP-cHex-im) 
In this molecule geometry optimisation of all atoms (i.e. with all 
atoms unfrozen) at B3LYP/-6-31G* level changed the torsion 
angle of the THNP ring relative to the amide group by 
approximately 13 
o
, from -81.49 
o
 in the crystal structure to  
-68.68 
o
. The geometry optimised structure is shown in figure 4.26. 
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Figure 4.26   Conformation of THNP-cHex-im after geometry optimisation (B3LYP/6-31G*) 
The B3LYP/6-31G* energy profile is shown in figure 4.27 
 
Figure 4.27   Energy profile (B3LYP/6-31G*) for rotation around the N-Ar bond in THNP-cHex-im 
The pattern of the energy profile is slightly different to the one for the previous two imides 
but still shows the planar conformations to be energetically unfavourable whereas the most 
stable ones are when the THNP ring highly twisted. The rotational barrier was calculated as 
84.84 kJ mol
-1
 and the lifetime of rotation as 120 s, although again the barrier at 
approximately 20 
o
 is much lower. 
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4.3   Conclusion 
The three sets of compounds, THNP amides, 2,6-diMePh amides and THNP imides showed 
different trends, but within each set there were significant  similarities. 
The energy profiles for all THNP amides studied were very similar and all showed the planar 
conformation with the cyclohexanyl part of the ring anti to the enone group to be the most 
stable and the planar syn conformation to be a barrier. The average rotational barrier (highest 
ΔE‡) was 38.90 ± 0.89 kJ mol-1 and average lifetime of rotation 1.11 x 10
-6 
± 0.34 x 10
-6
 s. 
The other set of amides (2,6-diMePh amides) had the aromatic rings almost perpendicular to 
the amide group in the crystals and this was also seen in geometry optimisation of the 
compounds in vacuo and was also consistent with the energy profiles calculations. The 
energy profiles had the same pattern in all amides in this set also, but it was very different to 
the pattern for THNP amides. The most stable conformation here was shown to be the one 
with the aromatic ring almost perpendicular, as opposed to planar for the THNP amides. It is 
‘almost’ perpendicular as the exact perpendicular position (with torsion angle 90 o or 270 o) is 
at a small local energy maximum because of complete loss of conjugation of the aromatic 
ring with the nitrogen lone pair which must outweigh the minimisation of steric strain. The 
rotational barrier for 2,6-diMePh-Me-am was unusually high at 42.93 kJ  mol
-1
 whereas the 
average of the other two amides was 31.50 kJ mol
-1
. The lifetime  for 2,6-diMePh-Me-am 
was as expected much bigger at 5.39 x10
-6
 s whereas the average for the other two amides 
was 6.21 x10
-8
 s the latter showing the aromatic ring (2,6-diMePh) to rotate approximately 
100 times faster than the THNP ring in the previous set of amides. However, the energetically 
favoured conformation had the aromatic ring perpendicular to the amide and reactivity is 
likely to be influenced by the accompanying minimisation of conjugation of the aromatic ring 
with the amide group. 
The THNP imides showed again energetically favoured conformations with highly twisted 
THNP rings. The rotational barriers were much larger than for the amides hence the stability 
of the energetically preferred conformation is enhanced. The highly twisted THNP ring has 
minimum conjugation with the amide group and the reactivity is likely to be influenced 
accordingly. 
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4.4   Experimental 
4.4.1   General method 
The structure of the amide/imide from X-ray crystallography (pdb) was imported into Spartan 
’04.12 Since H-atoms are poorly located in X-ray crystallography, the H atoms were geometry 
minimised using the B3LYP/6-31+G* model with all heavy atoms frozen. Then a further 
geometry optimisation of the H-optimised crystal structure (with heavy atoms unfrozen) at 
the B3LYP/6-31+G* level was carried out. In addition a B3LYP/6-31G*energy profile 
calculation was carried out for rotation around the N–CAr bond starting from the ‘further’ 
optimised structure (for all atoms) manually set to a planar conformation for the N-Ar system 
and then incremented in 17 steps of 22.5 
o
 (to 360 
o
). More specific details for each 
compound are below. 
4.4.2  N-(5,6,7,8-tetrahydro-1-naphthalenyl)propenamide (THNP-H-am) 
The relevant file (pdb) was imported into Spartan 04 and the position of the H atoms was 
recalculated by geometry optimisation with all heavy atoms frozen, at the B3LYP/6-31+G* 
level. The output file from this was used as the starting point for further geometry 
optimisations, with heavy atoms unfrozen, which were performed at the HF/3-21G, HF/6-
31G* and B3LYP/6-31G* and B3LYP/6-311+G** levels. The output files of these were used 
for calculation of energy profile (at the four levels mentioned above) with the torsion angle 
between the aromatic ring and the amide group (Ccarbonyl-N-Cipso-CHortho) manually set to 0 
o 
and then incremented in 17 steps of 22.5 
o
 (to 360 
o
).  
4.4.3   N-phenylpropenamide 
No preliminary ab initio geometry optimisation was done for this amide as the crystal 
structure was almost planar anyway, and the imported crystallographic (pdb) file was used as 
the input file for the energy profile calculation at the B3LYP/6-31G* level.
e
 
4.4.4   N-(5,6,7,8-tetrahydro-1-naphthalenyl)methylpropenamide (THNP-
Me-am) 
The calculations for this amide followed the general procedure with geometry optimisation at 
the B3LYP/6-31+G* level and an energy profile at the B3LYP/6-31G* level. 
                                                 
e
 The short C-H bonds from the pdb file are also optimised by the energy profile calculation. 
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4.4.5   N-(5,6,7,8-tetrahydro-1-naphthalenyl)-2-chloropropenamide )THNP-
Cl-am) 
The general procedure was followed for this amide also; geometry optimisation for H-atoms 
was carried out at the B3LYP/6-31+G* level and was then used as input file for full geometry 
optimisation, with all atoms unfrozen, again at the B3LYP/6-31+G* level. The fully 
optimised structure was used as input for an energy profile calculation at B3LYP/6-31G* 
level, with the aromatic ring manually set to a planar position and incremented by 22.5 
o
 in 17 
steps.  
4.4.6   N-(5,6,7,8-tetrahydro-1-naphthalenyl)cyclohex-1-enyl-1-
carboxamide (THNP-cHex-am) 
The pdb file was imported in Spartan and the cyclohexenyl group manipulated; the ‘rogue’ 
oxygen atom was deleted and the C3-C5 group of atoms, which showed disorder in the 
crystal structure, was deleted and re-entered manually. This structure was then optimised for 
H and C3-C5 atoms, with all other atoms frozen, at the B3LYP/6-31+G* level. The partially 
optimised structure was used as input for the full geometry optimisation, with all atoms 
unfrozen; after two failed attempts at the B3LYP/6-31+G* level this second geometry 
optimisation was carried out finally at the B3LYP/6-31G* level. The fully optimised 
structure was used as input for an energy profile for rotation about the N–Ar bond which was 
also carried out at B3LYP/6-31G* level. 
4.4.7   N-(2,6-dimethylphenyl)propenamide (2,6-diMePh-H-am) 
Geometry optimisation was only done once (with all atoms unfrozen) at B3LYP/6-31G*  
level and then this file was used as input for an energy profile calculation for rotation around 
the N–Ar bond at the B3LYP/6-31G* level starting from the optimised structure but with the 
aromatic group set to planar position (i.e. torsion angle Ccarbonyl-N-Cipso-Cortho manually set to 
0) and then incremented in 17 steps of 22.5 
o
 at the same level. 
4.4.8   N-(2,6-dimethylphenyl)methylpropenamide (2,6-diMePh-Me-am) 
The pdb file for this amide showed four molecules. After being imported into Spartan 04 one 
of the molecules was chosen for optimisation. Geometry optimisation, at B3LYP/6-31+G* 
level, was carried out using the spartan file of this molecule as input, with all atoms 
unfrozen. The output file from this was used for an energy profile calculation at B3LYP/6-
31G* level similarly to 2,6-diMePh-H-am.  
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4.4.9   N-(2,6-dimethylphenyl)cyclohex-1-enyl-1-carboxamide (2,6-diMePh-
cHex-am) 
Geometry optimisation was only done once (with all atoms unfrozen) at B3LYP/6-31+G* 
level and this file was used as input for an energy profile calculation at B3LYP/6-31-G* 
similarly to 2,6-diMePh-H-am 
4.4.10  N-benzoyl-N-(5,6,7,8-tetrahydro-1-naphthalenyl)propenamide 
(THNP-H-im) 
Geometry optimisation for H atoms was carried out at B3LYP/6-31G* level successfully but 
attempts for general geometry optimisation on all atoms (i.e. with all atoms unfrozen) was not 
successful either at B3LYP/6-31+G* level or at B3LYP/6-31G*. The H-optimised file was 
therefore used as input for an energy optimisation at B3LYP/6-31G* level. For this, similarly 
to the procedure followed previously, the THNP group was manually set to planar position 
and then then incremented in 17 steps of 22.5 
o
. 
4.4.11  N-benzoyl-N-(5,6,7,8-tetrahydro-1-naphthalenyl)methylpropenamide 
(THNP-Me-im) 
Geometry optimisation was carried out with all atoms unfrozen at B3LYP/6-31G* level and 
the optimised structure was used as input for an energy profile calculation at B3LYP/6-31G* 
level. For this, similarly to the procedure followed previously, the THNP group was manually 
set to planar position and then then incremented in 17 steps of 22.5 
o
. 
4.4.12  N-benzoyl-N-(5,6,7,8-tetrahydro-1-naphthalenyl)cyclohex-1-enyl-1-
carboxamide (THNP-cHex-im) 
The procedure followed was the same as for the previous imide (THNP-Me-im); Geometry 
optimisation was carried out with all atoms unfrozen at B3LYP/6-31G* level and the 
optimised structure was used as input for an energy profile calculation at B3LYP/6-31G* 
level after the THNP group was manually set to planar position and then incremented in 17 
steps of 22.5 
o
. 
  
227 
 
 
4.5   References 
                                                 
1
 J. A. Platts,  H. Maarof,  K. D. M. Harris, G. K. Lim and D. J. Willock, Phys. Chem. Chem. 
Phys., 2012, 14, 11944. 
2
 J. I. Mujika, J. M. Matxain, L. A. Eriksson and X. Lopez, Chem. Eur. J., 2006, 12, 7215. 
3
 D. Lauvergnat and P. C. Hiberty, J. Am. Chem. Soc., 1997, 119, 9478. 
4
 K. E. Laidig and L. M. Cameron, J. Am. Chem. Soc., 1996, 118, 1737. 
5
 S. J. Cho, C. Cui, J. Y. Lee, J. K. Park, S. B. Suh, J. Park, B. H. Kim and K. S. Kim, J. Org. 
Chem., 1997, 62, 4068. 
6
 B. A. Shainyan and T. V. Raskulova, Russian Journal of General Chemistry, 2004, 74, 921. 
7
 S. Saito, Y. Toriumi, N. Tomioka and A. Itai, J. Org. Chem., 1995, 60, 4715. 
8
 S. Ilieva, B. Hadjieva and B. Galabov, J. Mol. Struct., 1999, 476, 151. 
9
 S. Ilieva, B. Hadjieva and B. Galabov, J. Mol. Struct., 1999, 508, 73. 
10
 E. Anslyn and D. A. Dougherty, Modern Physical Organic Chemistry, University Science 
Books, 2006, p.366. 
11
 E. Anslyn and D. A. Dougherty, Modern Physical Organic Chemistry, University Science 
Books, 2006, p.385. 
12
  Spartan ’04, Wavefunction Inc., Irvine, CA 
  
228 
  
CHAPTER FIVE 
5. REACTIVITY OF AMIDES AND IMIDES TOWARDS 
BROMINATION 
5.1  Introduction 
The reactivity of organic compounds is influenced by electronic (inductive and resonance) and 
steric effects. Previously in this work the synthesis of a series of amides/imides was described 
(chapter 2); X-ray crystallography was used to elucidate their conformation in a crystal (chapter 
3) and ab initio studies were used to draw conclusions about preferred conformation in the 
gaseous (and solution) state (chapter 4). In this chapter the reactivity of the amides/imides is 
assessed and conclusions are drawn on how conformation influences substituent related 
electronic effects. The reaction chosen was bromination because it is simple, relatively fast and 
can be monitored by UV-Vis spectrometry.  The amides and imides used for bromination are 
shown in figure 5.1. 
                             
  
                                                
 
 
R
1
 = THNP; 2,6-diMePh      R
2
 = H, Me, Cl   R2’ = H, Me   R3 = H, Me 
 
Figure 5.1   The compounds that were studied for their reactivity towards bromination   
 
It was envisaged that bromination would involve electrophilic addition to the double bond of the 
enone group and/or aromatic substitution, as shown for THNP-amides in scheme 5.1.
a
 
                                                 
a
 Textbooks, such as Clayden,
1
 teach that alkenes react rapidly with bromine, while the aromatic benzene does not 
react under the same conditions. However the alkene in these amides/ imides is electron deficient and so deactivated 
towards electrophilic addition, while the aromatic ring is activated .  
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Scheme 5.1   Possible bromination products of THNP-amides 
 
So, for each compound studied there are likely to be three possible products arising from: 
- electrophilic addition to the C=C bond (a),  
- electrophilic substitution to the aromatic ring (s)
b
 and  
- both electrophilic addition and substitution (as). 
Note: N-brominated products of the amides are also possible but were not obvious in this work 
as the NH peak was detected in the 
1
H NMR spectra of the products. 
 
5.2 Results  
5.2.1   
1
H NMR Product Analysis Experiments 
To begin with the amides shown in figure 5.2 were selected for study. Bromination was carried 
out in deuterated chloroform (CDCl3) and in methanol (MeOH) and the products were identified 
by 
1
H NMR spectroscopy. 
                                                 
b
 In scheme 5.1 electrophilic substitution to the para position is shown. Although the ortho position is also activated 
by the NHCOR group, it is less likely that substitution would take place there for steric reasons. 
a 
as 
s 
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R
1
 = THNP; 2,6-diMePh           R
2
 = H, Me 
 
Figure 5.2   The compounds used in 1H NMR product analysis experiments 
 
For the rest of the amides in figure 5.1 and for THNP-Me-im, from the imides, the products of 
bromination in methanol only were identified and the results used to draw conclusions about the 
rate of reaction calculated by UV-Vis experiments for bromination in the same solvent. 
5.2.1.1   The Bromination of N-(2,6-dimethylphenyl)methylpropenamide (2,6-diMePh-Me-
am) 
 
5.2.1.1.1 Bromination in CDCl3 
Generally studies involved mixing a weighed sample of amide (e.g. 0.025 mmol designed to give 
a final concentration of 0.05 mol dm
-3
), in this case 2,6-diMePh-Me-am, with a solution (0.5 
cm
3
) of bromine in CDCl3 (approximately 0.04 mol dm
-3
) in an NMR tube and monitoring of the 
reaction by consecutive scans. The first scan was taken approximately 10 min after mixing and 
the time interval between consecutive scans was approximately 3 minutes. Figure 5.4 shows the 
spectrum of 2,6-diMePh-Me-am before addition of bromine (blue) and then a sample of the 
scans, those taken 10 min, 19 min, 28 min, 37 min and 46 min after mixing with bromine. The 
first scan of the reaction mixture (10 min after mixing, red colour) shows the characteristic 
signals of 2,6-diMePh-Me-am and in particular the = CH2 peaks at 5.84 and 5.47 ppm. In 
addition there are new peaks attributed to a dibrominated addition product, N-(2,6-
dimethylphenyl)-2,3-dibromo-2-methylpropanamide, (figure 5.3). 
 
 
 
Figure 5.3   N-(2,6-dimethylphenyl)-2,3-dibromo-2-methylpropanamide  
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Figure 5.4   A sample of 
1
H NMR (500 MHz, CDCl3) spectra of the bromination of 2,6-diMePh-Me-am 
in CDCl3 (approximately 0.05 mol dm
-3
) with 0.04 mol dm
-3
 bromine. The blue line is the scan of the 
amide before bromination; then (from bottom to top) scans taken 10 min, 19 min, 28 min, 37 min and 
46 min after mixing 
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The methyl peaks of the product are at 2.26 (2,6-diMePh) and 2.18 (-C(Me)=) ppm. The peaks 
for BrC(Me)CH2Br are shown as two doublets at 4.04 and 3.99 ppm with J = 10.7 Hz; both the 
shift and coupling constant are characteristic of this group.
2, 3
 The aromatic region does not show  
significant change and the 2,6-diMePh group in both the original and the brominated amide 
produces peaks of similar shifts shown by the multiplet at 7.07 – 7.13 ppm; the similarity of the 
peaks indicates that there is no aromatic substitution, but only electrophilic addition of Br to the 
C=C group. The integration ratio of the peaks for the C(Me)=CH2 and BrC (Me)CH2Br groups in 
the first scan (red) of the reaction mixture (10 min after mixing) is 1.0 : 0.4  whereas in the last 
scan (46 min after mixing) it is 1.0 : 1.8 showing that the amount of brominated amide grew 
from 29 % to 64 % in the time interval between the first and the last scan (i.e. in 36 min). 
When the same quantity of amide was added to a solution with excess bromine (0.08 mol dm
-3
) 
the first scan (taken 10 min after mixing) showed almost complete bromination. Again, even 
with excess bromine the reaction proceeded by addition to the C=C bond; the peaks in the 
aromatic region show no evidence of aromatic substitution. Figure 5.5 shows the scan of the 
original amide (blue) and the scan of the reaction mixture 10 minutes after mixing for the 
reaction with approximately 2-fold excess of bromine. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.5  1H NMR (500 MHz, CDCl3) scans of 2,6-diMePh-Me-am before bromination (blue) and of the 
reaction mixture of 2,6-diMePh-Me-am in CDCl3 (approximately 0.05 mol dm
-3
) with excess bromine 
(0.08 mol dm
-3
) 10 minutes after mixing (red) 
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5.2.1.1.2 Bromination in MeOH 
A slightly different approach was taken for the reactions in MeOH. A weighed sample of the 
amide was dissolved in methanol in a sample bottle (to give a solution of 0.025 mol dm
-3
) and a 
methanolic solution of bromine was added to it; the concentration of bromine immediately after 
addition was 0.009 mol dm
-3 
i.e. the amide was almost in 3-fold excess compared to bromine. 
The sample bottle was stoppered and left in a dark environment at room temperature for 24 h 
before the solvent was allowed to evaporate and a 
1
H NMR spectrum was taken of the contents 
dissolved in CDCl3. The solvent was removed from the NMR sample by evaporation and after 
re-dissolving in methanol more bromine was added (the same amount as for the previous 
experiment, so that the overall concentration of bromine added was 0.018 mol dm
-3
) and the 
same process was repeated. Finally the experiment was repeated on a fresh sample of amide with 
approximately equimolar bromine to amide.  
Figures 5.6 and 5.7 show 
1
H NMR spectra of the control and the reaction mixtures of the three 
experiments and a COSY spectrum of the second experiment (with slight deficiency of bromine), 
respectively. The diminishing 2,6-diMePh-Me-am peaks in the alkene region and correlated 
increase of peaks in the region of 3 – 5 ppm are evidence of electrophilic addition but the 
spectrum in this region is much more complex than before. However, there is a good clue to 
what is happening because the two singlet peaks at 3.52 and 3.46 ppm are characteristic of 
methoxy groups. The bromination was performed in methanol, which competes with the bromide 
ion for nucleophilic attack on the intermediate bromonium ion. There is the possibility of two 
isomers (the Markonikov and anti-Markonikov products – shown as compounds a and b 
respectively in scheme 5.2).
4,5 
 
 
 
 
 
 
 
Scheme 5.2  Bromination of 2,6-diMePh-Me-am (2,6-diMePh-H-am) in methanol leading to 
‘Markovnikov’ (a) and anti-Markovnikov (b) isomers 
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Figure 5.6  
1
H NMR (500 MHz, CDCl3) spectrum of the control (blue) and the reaction mixtures 
resulting from bromination of 2,6-diMePh-Me-am in methanol (0.025 mol dm
-3
) with progressively 
increased amount of bromine (0.009 mol dm
-3
, 0.018 mol dm
-3
, approximately equimolar)  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.7   COSY NMR spectrum of the reaction mixture resulting from bromination of 2,6 -diMePh-
Me-am in methanol (0.025 mol dm
-3
) with 0.018 mol dm
-3 
bromine 
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In this occasion, the indication is that both the Markovnikov and anti-Markovnikov products 
were produced at almost equal amounts – the integration ratio of the two methoxy peaks is 
1 : 1.3. The downfield peak at 3.52 ppm was allocated to the Markovnikov product and the 
upfield at 3.47 ppm to the anti-Markovnikov one after comparison with the NMR spectrum of 
the next amide (2,6-diMePh-H-am). The 
1
H NMR spectrum of the reaction mixture of the 
bromination of 2,6-diMePh-H-am showed the downfield peak much smaller than the other 
methoxy peak, whereas for 2,6-diMePh-Me-am both peaks are similar. The Markovnikov 
product is more likely to be more enhanced in the Me compound (2,6-diMePh-Me-am) than in 
the H (2,6-diMePh-H-am) because C2 in the former is tertiary and since the 
1
H NMR spectrum 
of 2,6-diMePh-Me-am shows the downfield (3.52 ppm) peak enhanced compared with the 
downfield methoxy peak in the 
1
H NMR spectrum of 2,6-diMePh-H-am, this was allocated to 
Markovnikov product.  
The COSY spectrum (figure 5.7) shows that the first two doublets (blue dots - δ/ppm 4.06 and 
3.99, J = 10.8 Hz) are coupled to each other and are assigned to the di-bromo compound. The 
doublets at 3.94 and 3.61 ppm (red dots) have J = 11.3 Hz and are assigned to the anti-
Markovnikov product. This product has the methoxy group, which is less electron withdrawing 
than bromine,
6
 bonded to the terminal carbon atom, so, the coupling constant is expected to be 
larger compared with the Markovnikov isomer where the substituent is the more electron 
withdrawing Br.
7
 The Markovnikov isomer produces the doublet peaks at 3.87 and 3.73 ppm 
with J = 10.6 Hz (green dots). The integration ratio of the three sets of doublets indicates that all 
three addition products are produced in approximately equal amounts. 
To summarise, this amide (2,6-diMePh-Me-am) reacts with bromine by electrophilic addition 
resulting in a di-bromo product when the bromination takes place in CDCl3 but in di-bromo and 
two mono-bromo isomers in equal amounts when bromination takes place in methanol (scheme 
5.3). 
 
Scheme 5.3   Bromination of 2,6-diMePh-Me-am in CDCl3 and in MeOH  
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5.2.1.2    The Bromination of N-(2,6-dimethylphenyl)propenamide (2,6-diMePh-H-am) 
.  
5.2.1.2.1 Bromination in CDCl3 
The experiment followed the same procedure as with the previous amide, i.e. the amide (0.05 
mol dm
-3
)was mixed with a bromine solution (0.04 mol dm
-3
) in an NMR tube and the reaction 
was monitored by consecutive 
1
H NMR spectra, with the very first spectrum at 10 min after 
mixing. A sample of spectra is shown in figure 5.8. The first (blue) is of the amide before 
bromination and then at 10 min, 19 min, 28 min, 37 min and 46 min after mixing with bromine. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.8   A sample of 1H NMR (500 MHz, CDCl3) scans of the bromination of 2,6-diMePh-H-am in CDCl3 
(approximately 0.05 mol dm
-3
) with bromine (0.04 mol dm
-3
). The blue line is the scan of the amide before 
bromination, then scans taken 10 min, 19 min, 28 min, 37 min and 46 min after mixing 
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The starting amide shows the characteristic peaks as described in chapter 2 (subsection 2.2.2.1), 
showing two isomers (E and Z) due to restricted rotation about the C–N partial double bond 
(figure 5.9). In the control scan (of the amide before bromination) peaks are shown for the alkene 
protons at 6.37, 6.32 and 5.73 ppm for the main isomer (Z) and at 6.47, 5.90 and 5.61 ppm for 
the minor one (E). The methyl peaks show in the aliphatic region, at 2.23 ppm for the minor 
isomer and at 2.20 ppm for the main one. The integration ratio is 1.00 : 0.27 indicating that in the 
starting amide there is 27 % of minor isomer (E). 
 
 
Figure 5.9  Z and E isomers of 2,6-diMePh-H-am 
 
The consecutive scans of bromination with almost equimolar bromine show the increasing 
amount of the dibromo addition product (by the diminishing of the alkene peaks at the region of 
5.5 – 7.0 ppm and the increase of the peaks at 3 – 5 ppm). The peaks for –CH(Br)CH2(Br)  are at 
δ/ppm 4.66 (dd, J1 = 3.9 Hz, J2 = 9.2 Hz, H3a), 4.03 (t, J = 9.7 Hz, H3b), 3.84 (dd, J1 = 3.9 Hz, J2 
=  10.1 Hz, H2), (figure 5.8). The pattern is explained by the Newman projection in figure 5.10. 
 
 
 
 
 
 
 
 
 
 
Figure 5.10   Structure of  –CH(Br)CH2(Br) portion of 2,6-diMePh-H-am and Newman projection 
showing coupling constants and shifts as shown in 
1
H NMR (500 MHz, CDCl3) spectrum 
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The smaller coupling constant (3.9 Hz) is between H2 and H3a, whereas the larger one (10.1 Hz) 
indicates a bigger dihedral angle (H2 and H3b); the broad triplet at 4.03 ppm is probably an 
unresolved dd (J1 = 9.2 Hz, J2 = 10.1 Hz). The different vicinal coupling constants show a degree 
of inhibited rotation around the newly formed C–C bond, probably a result of steric hindrance. 
The scan taken 10 minutes after mixing shows that the integration ratio between the original 
amide and the brominated product based on the relative integrals of the alkene protons for the 
major and minor isomers and the corresponding peaks in the brominated product is 1.0 : 0.3 : 0.2 
(major isomer : minor isomer : brominated product), i.e. there is approximately 13 % of 
brominated product in the reaction mixture.  
The last scan, taken 36 min after the first (i.e. 46 minutes after mixing) shows mainly peaks for 
the brominated compound. The integration ratio based on the alkene peaks of the original amide 
(major and minor isomer) and the corresponding peaks of the brominated product is  
1.0 : 0.4 : 3.9 (major isomer : minor isomer : brominated product), i.e. at the time of last scan the 
reaction mixture contained 74 % of brominated product. This scan shows the methyl aromatic 
substituent peak at 2.24 ppm for the brominated product and at 2.22 ppm for the original amide. 
The peaks of the aromatic ring at 7.0 – 7.2 ppm do not appear to change, hence there is no 
indication of a reaction between the bromine and the aromatic ring. 
When the same experiment was repeated with large excess of bromine (5-fold) bromination was 
complete within the first 10 min. 
5.2.1.2.2   Bromination in MeOH 
This was carried out similarly to the previous amide and involved reaction, work-up 
(evaporation) and 
1
H NMR analysis of the residue. The reaction was performed three times with 
progressively increased amounts of bromine (0.009 mol dm
-3
, 0.018 mol dm
-3 
and approximately 
equimolar). The set of scans for the control (starting amide, blue) and the three experiments is 
shown below, (figure 5.11). Characteristic addition peaks are showing in the scan of the first 
experiment (red) and become progressively bigger in the second and third experiments where 
more bromine was added.  
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Figure 5.11   
1
H NMR (500 MHz, CDCl3) spectra of the control (blue) and the reaction mixtures  
resulting from bromination of 2,6-diMePh-H-am in MeOH (0.0025 mol dm
-3
) with progressively 
increased amount of bromine (0.009 mol dm
-3
, 0.018 mol dm
-3 
and approximately equimolar)  
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The three methyl peaks, more obvious in the last scan (purple) at 2.56, 2.24 and 2.23 ppm (the 
2.23 ppm one showing as a ‘bulge’ rather than a separate peak) indicate the presence of three 
compounds. The aromatic peaks show no significant change, so no substitution product (s or as) 
is evident and the three methyl peaks are probably due to addition products (dibromo and two 
bromo/methoxy isomers). The presence of the latter is confirmed by the methoxy peaks at 3.63 
and 3.50 ppm. The integration ratio of the two peaks shows the smaller to be approximately ¼ of 
the larger indicating the ratio of the quantities of the two mono-bromo isomers. After comparison 
with the scan of the previous amide (2,6-diMePh-Me-am) the peak at 3.63 ppm was allocated to 
the Markovnikov product and the peak at 3.50 ppm to the anti-Markovnikov, (figure 5.12). 
 
 
 
 
   
Figure 5.12   Markovnikov (a) and anti-Markovnikov (b) products of bromination in methanol  
To summarise, this amide (2,6-diMePh-H-am) is brominated by electrophilic addition to the 
C=C bond. When the reaction takes place in CDCl3 the di-bromo product is produced but in 
methanol there is evidence of the presence of  both isomers of the mono-bromo products (in 
addition to the di-bromo one) with a ratio of Markovnikov to anti-Markovnikov products 1: 4, 
(scheme 5.4). 
 
 
Scheme 5.4   Bromination of 2,6-diMePh-H-am in CDCl3 and in MeOH  
 
 
 a b 
241 
  
5.2.1.3   The Bromination of N-(2,6-dimethylphenyl)cyclohex-1-enyl-1-carboxamide (2,6-
diMePh-cHex-am)  
 
This product analysis was only carried out for the reaction in methanol and the relevant 
1
H NMR 
spectra are shown in figure 5.13. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.13   
1
H NMR (500 MHz, CDCl3) spectra of the control (blue) and the reaction mixtures  
resulting from bromination of 2,6-diMePh-cHex-am in MeOH (0.0025 mol dm
-3
) with progressively 
increased amount of bromine (0.009 mol dm
-3
 and 0.021 mol dm
-3
) 
 
 
242 
  
The first (blue) one is of the starting amide; the peaks under the blue dot are the amide NH (6.95 
ppm) and the cyclohexenyl =CH (6.80 ppm) proton. After reaction with bromine in methanol, 
0.009 mol dm
-3
, (followed by evaporation and 
1
H NMR analysis of the residue in CDCl3) the 
second (red) spectrum was obtained. The alkene peak (6.80 ppm) of the starting amide is 
diminished (compared with the aromatic peaks at 7.1 ppm), new singlets appear around 3.5 ppm 
and the alkyl region (1.5 – 2.5 ppm) has become more complex. These changes are further 
enhanced in the third (green) spectrum which followed treatment with more bromine. The 
singlets at 3.62 ppm and 3.44 ppm are attributed to the methoxy groups of the two 
bromo/methoxy isomers. The first spectrum (red) does not show any real evidence of changes in 
the aromatic region, suggesting that there is no aromatic substitution. A new ArH peak may be 
present in the third spectrum (green) but this could be due to a small amount of a dibromo 
addition product (further small peaks are seen in the 4-5 ppm region) or may simply be due to 
NH. So, as with the previous amides, the dominant initial reaction is addition to the C=C, 
(scheme 5.5). 
 
Scheme 5.5  Bromination of 2,6-diMePh-cHex-am in MeOH 
5.2.1.4 The Bromination of N-(5,6,7,8-tetrahydro-1-naphthalenyl)methylpropenamide 
(THNP-Me-am) 
 
5.2.1.4.1  Bromination in CDCl3 
Bromination of this amide with bromine in CDCl3, at concentrations 0.05 and 0.04 mol dm
-3
 
respectively, at 25 
o
C, produced more than one product. Figure 5.14 shows the scan of the 
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starting amide before bromination (blue) and then scans taken approximately 10 and 19 minutes 
after mixing.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.14   Consecutive 
1
H NMR (500 MHz, CDCl3) spectra of the pure amide (blue) and the 
reaction mixture of bromination of THNP-Me-am in CDCl3(0.05 mol dm
-3
) with bromine (0.04 mol dm
-
3
), 10 and 19 minutes after mixing  
 
In the starting amide the alkene peaks are at 5.81ppm and 5.45 ppm. The aromatic THNP peaks 
are at 7.76 ppm (d), 7.13 ppm (t) and 6.92 ppm (d). The protons of the C5’-C7’ loop of the 
THNP group are shown by multiplets at 2.78 – 2.80 ppm, 2.59 – 2.61 ppm, 1.82 – 1.88 ppm and 
1.75 – 1.80 ppm. There are clear differences between the first scan of the reaction mixture (red), 
taken approximately 10 minutes after mixing, and the control (blue). No significant further 
change was observed in later scans indicating that the reaction was complete by the time the first 
scan was taken. Product peaks are shown both in the alkene and in the 3 – 5 ppm region. The 
latter, which are peaks for the –C(Me)(Br)CH2Br group, are shown in detail in figure 5.15. 
 
 
 
 
 
Figure 5.15   Detail of 
1
H NMR (500 MHz, CDCl3) spectrum of the reaction mixture of bromination of 
THNP-Me-am in CDCl3 
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The peaks are four doublets indicating two products of electrophilic addition to the C=C group 
(shown by different coloured dots in figure 5.15), at 4.05 ppm and at 3.93 ppm and at 4.04 ppm 
and 3.92 ppm, one being a product of addition only (an ‘a’ product) and the other a product of 
electrophilic addition to the C=C group and aromatic substitution to the THNP group (an ‘as’ 
product). The alkene peaks in the red and green scans appear to be at the same shift as for the 
starting amide but other peaks characteristic of the starting amide are absent, in particular the 
ArH at 7.76 ppm. This indicates another product which is a similar propenamide and the logical 
suggestion that it is a product of aromatic substitution only (an ‘s’ product).  In the aliphatic 
region there are two methyl peaks at 2.17 and 2.06 ppm and although the latter is very close to 
the methyl peak of the original amide, it is very broad, so it possibly contains the peak of the 
minor, s, product whereas the larger peak at 2.17 ppm is indicative of two products from 
electrophilic addition (a and as). The aromatic region has two new doublets, at 7.64 and 7.54 
ppm and two unresolved doublets at 7.42 ppm. The s product is shown in the following section 
(reaction in methanol) to have peaks at 7.64 and 7.42 ppm and the as product at 7.54 and 7.42 
ppm. 
The three proposed products of the bromination of THNP-Me-am in CDCl3 are shown in figure 
5.16. 
 
                                     
 
 
Figure 5.16   Three possible products of bromination of THNP-Me-am by addition (a), substitution (s) 
and both addition and substitution (as) 
 
 
 
   a s as 
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5.2.1.4.2   Bromination in MeOH 
A sample of the amide was dissolved in methanol (0.025 mol dm
-3
) and reacted with a small 
amount of a methanolic solution of bromine estimated to be 0.009 mol dm
-3
. After completion of 
the reaction the solvent was evaporated and the products were identified by NMR analysis of a 
solution of the crude products in CDCl3. The experiment was repeated with different amounts of 
bromine (0.018 mol dm
-3 
and approximately equimolar). The scans of the pure amide and the 
reaction mixture of the three experiments are shown in figure 5.17.   
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Figure 5.17  
1
H NMR (500 MHz, CDCl3) spectra of the control (blue) and the reaction mixtures 
resulting from bromination of THNP-Me-am in methanol (0.025 mol dm
-3
) with progressively increased 
amount of bromine (0.009 mol dm
-3
, 0.018 mol dm
-3 
and approximately equimolar)  
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The scan of the first experiment (red) shows a small amount of an aromatic substitution product, 
by the two small doublets at 7.64 and 7.41 ppm (indicative of a substituted THNP ring) and also 
by a small bulge in one of the alkene peaks, at 5.47 ppm, indicating an unsaturated product with 
peaks close in shift to the ones of the starting amide. The methyl peak, at 2.07 ppm, is slightly 
upfield compared to one in the control trace and slightly broader again suggesting two peaks (of 
the original amide and the substitution product) at similar shifts.  
All these peaks increase in the second experiment where the product of the first was treated with 
more bromine so that overall the bromine was 0.018 mol dm
-3 
(green line). A detail of the 
aromatic peaks in a COSY spectrum of this experiment (figure 5.18) confirms the suggestion that 
the peaks at 7.64 and 7.41 ppm (blue dots) are due to a new compound and caused by a 
substituted THNP ring. The J values (8.6 Hz) are typical of ortho coupled protons and logic 
suggests a 4’-substituted product.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.18   COSY NMR spectrum of the reaction mixture resulting from bromination of THNP-Me-
am in methanol (0.025 mol dm
-3
) with 0.018 mol dm
-3  
deficient bromine 
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In experiment 3 (purple line) where almost equimolar amount of bromine to amide was added to 
begin with, the picture changes as the alkene peaks are diminished and peaks in the range of  
3 – 5 ppm appear, an indication of an addition product. The two doublets at 4.05 and 3.92 ppm 
indicate a dibromo product whereas two smaller singlet peaks at 3.53 and 3.45 ppm are probably 
due to methoxy groups and suggest two bromo/methoxy isomers (Markovnikov and anti-
Markovnikov). The singlet peaks are almost of equal integration suggesting that the 
bromo/methoxy products are of equal amount and their integration ratio with the doublet peaks 
of the dibromo product suggests that the latter is 10 times more than the bromo/methoxy 
products. Moreover, in the aromatic region two new doublets develop, at 7.54 and 7.42 ppm, 
indicating that the new product is also para (or ortho) substituted, i.e. an as product. 
To summarise, bromination of this amide in CDCl3 showed three possible products (a, s and as) 
whereas bromination in methanol produced mainly a substitution product only (s) and only when 
enough bromine was added, did electrophilic addition also occur, giving an as product (scheme 
5.6). 
 
 
 
 
 
 
 
 
 
Scheme 5.6   Bromination of THNP-Me-am in CDCl3 and MeOH  
 
 
 
 
 
 
 
 
R1, R2 = Br ; -OMe 
a as s 
s as 
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5.2.1.5    The Bromination of N-(5,6,7,8-tetrahydro-1-naphthalenyl)propenamide 
 
5.2.1.5.1   Bromination in the solid state 
THNP-H-am was found to react easily in the solid form with bromine vapour and to give 
exclusively an as product, which was isolated and identified by a full set of NMR spectra of 
which the 
1
H NMR is shown in figure 5.19. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.19   
1
H NMR (500 MHz, CDCl3) spectrum of the product of bromination of THNP-H-am by 
exposure of the solid amide in bromine vapour . 
The two doublets at 7.43 and 7.51 ppm in the aromatic region indicate a 2’ or 4’ substituted 
aromatic ring. A HSQC-DEPT spectrum showed the correlation of these two peaks with two 
13 
C 
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peaks at 121.9 and 130.1 ppm respectively. These peaks do not correlate with any 
1
H NMR peak 
in an HMBC spectrum, which proves that the substitution is in the para position; if bromination 
was in the ortho position one of these peaks (C4’) should correlate to a CH2 peak of the THNP 
group. The peaks in the 3.5 – 5.5 ppm region are compatible with an addition product – 
(CH2BrCHBr group). The vicinal coupling constants (4.9 and 7.1 Hz) show a staggered 
conformation (see figure 5.10). This clear splitting also indicates a restricted rotation around the 
C–C bond, which is probably due to steric reasons. The geminal coupling constant of the two 
terminal protons (10.5 Hz) is similar to the coupling constants of this group (-CH2Br) in other 
brominated products previously discussed in this work. It is lower than expected for geminal 
protons because of the electron withdrawing bromine substituent. The product of bromination, N-
(4-bromo-5,6,7,8-tetrahydro-1-naphthalenyl)-2,3-dibromopropanamide, is shown in figure 5.20. 
 
Figure 5.20   N-(4-bromo-5,6,7,8-tetrahydro -1-naphthalenyl)-2,3-dibromopropanamide  
5.2.1.5.2   Bromination in the CDCl3 
When reacted in CDCl3 in an NMR tube with excess (4-fold) bromine the reaction produced a 
similar product by addition and aromatic substitution. Figure 5.21 shows the control scan of the 
starting amide (blue) and then scans taken approximately 10 min and 13 min after mixing. As no 
change in the peaks and their relative integration is observed between the two scans of reaction 
mixtures (red and green) it is assumed that the reaction was complete within the first 10 minutes. 
The peaks at 4.76 ppm, 3.99 ppm and 3.91 ppm show an electrophilic addition product (a or as) 
and the lack of any peaks in the alkene region excludes the possibility of a product solely by 
aromatic substitution. In fact the peaks from 1.8 – 5.0 ppm are identical to those in figure 5.19. 
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Figure 5.21   Consecutive 
1
H NMR (500 MHz, CDCl3) spectra of the starting amide (blue) and the 
reaction mixture of bromination of THNP-H-am in CDCl3(0.05 mol dm
-3
) with bromine (0.2 mol dm
-3
) 
 
 
 
 
 
 
 
 
 
Figure 5.22  Detail of 
1
H NMR (500 MHz, CDCl3) spectrum of the aromatic region of scans 
shown in figures 5.19 (blue) and 5.21 (red)  
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In the aromatic region the first (and further scans) of the brominated amide show two doublets at 
7.40 and 7.37 ppm indicating an as product. The integration of all peaks, including the ones in 
the aliphatic region, confirms that it is only one product (as). The aromatic AB doublet system is 
not quite the same as when solid amide reacted with bromine vapour (figure 5.22), but this can 
be explained by it being a more concentrated solution with intermolecular hydrogen bonding 
shifting the NH signal downfield and slightly enhancing the chemical shifts of the H2’ and H3’ 
peaks. 
Reaction of a solution of the amide in CDCl3 (0.05 mol dm
-3
) with bromine (0.04 mol dm
-3
) gave 
more than one product. Figure 5.23 shows the 
1
H NMR spectra of the control scan of just THNP-
H-am (blue) and then scans taken approximately 10 min, 19 min, 28 min and 37 min after 
mixing. 
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Figure 5.23    
1
H NMR (500 MHz, CDCl3) spectra of the pure amide (blue) and the reaction mixture of 
bromination of THNP-H-am in CDCl3(0.05 mol dm
-3
) with bromine(0.04 mol dm
-3
) 10, 19, 28 and 37 
minutes after mixing and details of aromatic and aliphatic peaks  
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Again, no further progress is shown after the first reaction, so the reaction was complete within 
the first 10 minutes after mixing. The multiplets in the 3 – 5 ppm region show addition products 
– more than one given the number of peaks. The peaks in the alkene region (5 – 7 ppm) show a 
product of substitution only (s), although since they are at the same shift as the original amide, 
and presence of unreacted amide cannot be excluded. The presence of some s as well as as (or 
just a) compounds is also suggested by the complexity of the peaks in the aromatic region. 
Comparing the integration of -CH(Br)CH2Br peaks with the –HC=CH2 ones indicates 25 % of 
the addition (a) and/or the addition/substitution (as) product; and hence 75 % of s and/or 
unreacted amide.  
5.2.1.5.3   Bromination in MeOH 
As for THNP-Me-am, this amide was dissolved in methanol (0.025 mol dm
-3
) and a methanolic 
solution of bromine was added (0.009 mol dm
-3
). The vessel was capped and left for 24 h in a 
dark environment after which the solvent was evaporated and an NMR analysis of the contents 
was taken after they were dissolved in CDCl3. The experiment was repeated with different 
amounts of bromine (0.018 mol dm
-3
 and approximately equimolar). The 
1
H NMR and COSY 
spectra of the starting amide and of the reaction mixtures of the three experiments are shown in 
figure 5.24.  
The absence of peaks in the 3-5 ppm region suggests that there is no addition product. The 
aromatic peaks show a progressively decreasing well resolved triplet at 7.13 ppm, which is a 
peak of the original amide, and a progressively increasing doublet at 7.41 ppm which is a due to 
a new product; this peak is shown by COSY to couple with an unresolved broad peak at 7.62 
ppm (circled peaks in figure 5.24). These new peaks are indicative of a substitution product as an 
intact THNP ring will have three rather than two peaks in the aromatic region. The alkene peaks 
at 5.5 – 6.5 ppm remain at approximately the same shifts as in the original amide but less 
resolved, with only the doublet originally at 5.76 moving downfield to 5.79 ppm. Given the 
observed development of an s product shown by the change in the aromatic peaks, it is 
reasonable to suggest that the alkene peaks are also due to the same s product as well as the 
starting amide. 
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Figure 5.24  
1
H NMR (500 MHz, CDCl3) spectra of the control (blue) and the reaction mixtures 
resulting from bromination of THNP-H-am in methanol (0.025 mol dm
-3
) with progressively increased 
amount of bromine and COSY spectrum of the second experiment – i.e. with 0.018 mol dm-3 bromine 
(detail of aromatic peaks)  
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To summarise, bromination by exposure of the solid amide to bromine vapour gives an almost 
pure as product. Bromination in CDCl3 gives a mixture of a and as products and possibly an s as 
well although excess bromine gave only an as product. Bromination in methanol produces only 
an s product, (scheme 5.7). 
 
 
 
 
Scheme 5.7  Bromination of THNP-H-am in CDCl3 and MeOH 
 
 
 
s 
s as a 
as 
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5.2.1.6   The Bromination of N-(5,6,7,8-tetrahydro-1-naphthalenyl)-2-chloropropenamide 
(THNP-Cl-am) 
 
 
This product analysis was only carried out for the reaction in methanol and the relevant 
1
H NMR 
spectra are in figure 5.25. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.25   
1
H NMR spectra for the reactions of THNP-Cl-am in MeOH with progressively increased 
amounts of bromine 
 
The first (blue) scan is of the starting amide and clearly shows the individual peaks of the 
aromatic ring and the =CH2 group. The second (red) scan (after reaction of a methanolic solution 
of the amide (0.025 mol dm
-3
 with 0.009 mol dm
-3
 bromine in methanol followed by evaporative 
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work up and 
1
H NMR spectroscopy in CDCl3), shows a small amount of new product having AB 
doublet in the aromatic region at 7.44 and 7.73 ppm which indicates a substitution product (s); 
there also appears to be a new alkene peak as a shoulder to the left of the original amide one at 
5.95 ppm. Following a second treatment with bromine this product is clearly enhanced and it is 
also clear in the third scan which is a repeat experiment with a larger amount of bromine added 
to begin with. In no spectrum is there any evidence of an addition (a) or an addition/substitution 
(as) product. The reaction of THNP-Cl-am with bromine in methanol is summarised in scheme 
5.8. 
 
 
Scheme 5.8   Bromination of THNP-Cl-am in methanol 
 
5.2.1.7   The Bromination of N-(5,6,7,8-tetrahydro-1-naphthalenyl)cyclohex-1-enyl-1-
carboxamide (THNP-cHex-am) 
 
For this amide product analysis was also only carried out for bromination in methanol only. The 
relevant 
1
H NMR spectra are shown in figure 5.26. 
The first scan is of the starting amide (blue). The scan taken after reaction of a methanolic 
solution of the amide (0.025 mol dm
-3
) with 0.009 mol dm
-3
 bromine (red) does not show much 
product, but the third and fourth scans (green and purple) show a clear AB aromatic system at 
7.67 and 7.40 ppm whereas an alkene proton peak at 6.75 ppm remains. There are some other 
peaks, including some in the brominated alkane region indicative of addition (a) and/or 
addition/substitution (as) products, but these are small relative to the main ones, so it can be 
assumed that substitution is again the dominant reaction in methanol (scheme 5.9). 
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Scheme 5.9   Bromination of THNP-cHex-am in methanol 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.26   
1
H NMR spectra for the reactions of THNP-cHex-am in MeOH with progressively 
increased amounts of bromine  
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5.2.1.8   The Bromination of N-benzoyl-N-(5,6,7,8-tetrahydro-1-naphthalenyl)methyl-
propenamide (THNP-Me-im) 
 
This product analysis was only carried out for the reaction in methanol and the relevant 
1
H NMR 
spectra are shown in figure 5.27. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.27   
1
H NMR spectra for the reactions of THNP-Me-im in MeOH with different amounts of 
bromine 
 
The first scan (blue) is of the starting imide. In the subsequent spectra, a single product is seen to 
arise, shown most clearly in the last spectrum. The peaks of the product are consistent only with 
a dibromo addition product (a or as), as seen by the characteristic AB pair of doublets at 4.20 
and 4.37 ppm; a possible small methoxy peak is at 3.49 ppm but it is very small. A single new 
methyl singlet is also present at 2.02 ppm. The peaks in the aromatic region are similar (but 
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distinct) to those of the aromatic amide and there is no evidence of any peaks in this region that 
could suggest substitution. So, in stark contrast to the situation for THNP-amides, this imide 
shows only addition with the dibromo rather than bromo/methoxy product being the dominant 
one, (scheme 5.10). 
 
 
 
 
 
Scheme 5.10   Bromination of THNP-Me-im in methanol  
5.2.2   UV-Vis  Kinetic Experiments 
These experiments were carried out in order to give a more quantitative assessment of the rate of 
bromination which was calculated from data collected by monitoring the decrease in the 
absorbance of bromine. Initial experiments were performed using chloroform as solvent but 
showed poor results, possibly due to solvent volatility; experiments using methanol provided 
better data.  
The selection of amides/imides used for these experiments is shown in figure 5.28. 
                             
  
                                                
 
 
R
1
 = THNP; 2,6-diMePh      R
2
 = H, Me, Cl   (R2’ = H, Me)   R3 = H, Me 
 
Figure 5.28   The sample of amides / imides used in UV-Vis experiments  
The reaction was performed by mixing methanolic solutions of bromine and of amide/imide. 
When bromine rather than a salt is used for bromination, as in these experiments, Br3
- 
can form 
(scheme 5.11) and then third order kinetics are often observed (i.e. for bromination of alkenes 
–
 [   ]
  
   [   ]
 [      ]).8
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Scheme 5.11  The formation of Br3
-
   
However, bromination has generally been found to follow pseudo-first order kinetics when 
excess substrate is used.
9, 10, 11, 12 
To include those cases where bromination is slow, the initial 
rates method was used for analysis of raw data. 
The visible spectrum of bromine shows λmax ≈ 400 nm which is well clear of the λmax of amides 
(typically < 300 nm), hence it is possible to monitor the bromination of amides/imides by the 
decrease of the absorbance of bromine.
13, 14 
Initial experiments were performed to assess the 
stability of the substrate in methanol and also to assess whether the bromination could be 
monitored by the decrease of the absorbance of bromine.  
The stability of bromine in methanol in concentrations lower than 10 % is commented upon in 
the literature.
 15
 To ensure that bromine had not degraded in any way, a fresh solution was made 
every 48 h. 
The stability of the amide was checked by a solution of THNP-H-am in methanol (2 mmol dm
-3
) 
which was tested by a scan that was repeated, for the same solution, 60 h after the original was 
taken. The temperature was controlled at 25 
o
C. The results are shown in figure 5.29. The 
coincidence of the two scans shows the stability of this amide and since all other amides/imides 
contain no groups that could react with methanol in the duration of the experiment, their stability 
can be assumed. 
 
 
 
 
 
 
 
 
 
Figure 5.29   The UV-Vis scan of THNP-H-am in methanol (2 mmol dm
-3
) at 25
o
C at 0 h and 60 h  
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When a methanolic solution of THNP-H-am (2 mmol dm
-3
) was mixed with bromine (0.7 mmol 
dm
-3
), scans which were repeated every min showed a decrease in the absorbance of bromine 
(figure 5.30, blue to pink). Since bromine is stable in methanol, the decrease was due to reaction 
with the substrate. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.30    A sample of UV-Vis consecutive scans of a methanolic solution of  THNP-H-am (2 mmol 
dm
-3
) and bromine (0.7 mmol dm
-3
) every minute for 16 minutes, at 25 
o
C  
5.2.2.1    The Molar Absorptivity of Bromine 
While determination of kobs using a (pseudo) first order approach does not require precise 
knowledge of the initial concentration of bromine, use of the initial rates method does, so that 
dAbs /dt can be converted to d[Br2] / dt. Beer-Lambert’s law states that Abs = ε c l, where Abs is 
the absorbance of the solution, ε the molar absorptivity, c the concentration and l the path length 
of the rays. In this work l = 1 cm and the molar absorptivity was calculated as the slope of the 
graph of absorbance vs concentration at a particular wavelength.  
A range of solutions of bromine in methanol was produced by consecutive dilutions of an 
original solution. The graphs of Abs vs λ for all concentrations are shown in figure 5.31. There 
are two peaks, a major one at 300 nm and a smaller one at 378 nm. The more concentrated 
solutions showed unusually large absorbance whereas smaller concentrations (≤ 5.1 mmol dm-3) 
showed better correlation. 
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Figure 5.31   The absorbance of different concentrations of bromine in methanol and detail for [Br 2] ≤ 
5.10 mmol dm
-3
 
 
The graphs of Abs vs [Br2] at 302, 378 and 400 nm, for concentrations of Br2 ≤ 5.1 mmol dm
-3
 
are shown in figure 5.32. 
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Figure 5.32   Abs vs [Br2] at 302, 378 and 400 nm and detail at 378 and  400 nm 
The graphs for 378 and 400 nm show a linear relationship of Abs vs [Br2] with slopes 0.18 and 
0.161 mmol
-1 
dm
3
 giving values for molar absorptivity as 180 and 161 mol
-1 
dm
3 
cm
-1 
respectively. The value of ε400 is within the range of values mentioned in literature for bromine
16, 
17, 18  
and is the value used in this work.
 
No amide/imide or their brominated compounds were 
found to absorb significantly at 400 nm hence any absorbance measured is due to bromine. In 
this work the bromination of amides/imides was monitored by the reduction of the absorbance of 
bromine at 400 nm. 
 
 
 
a 
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5.2.2.2    Bromination of N-(5,6,7,8-tetrahydro-1-naphthalenyl)propenamide (THNP-H-am) 
A methanolic solution of THNP-H-am (2 mmol dm
-3
) was mixed with bromine (0.5 mmol dm
-3
) 
in a dry cuvette and after temperature equilibration at 25 
o
C consecutive scans were taken every 
1 min, while the temperature was kept constant (figure 5.33). The absorbance of the solution at 
330 – 450 nm is due to the absorbance of bromine since there is minimal absorbance of the 
amide in this range of wavelengths. Hence the steady decrease shown is due to the consumption 
of Br2 which, given bromine stability in methanol, could only be due to a reaction with the 
amide. 
 
 
 
 
 
 
 
 
 
 
Figure 5.33   UV-Vis scans of the reaction of a THNP-H-am (2 mmol dm
-3
) with bromine  
(0.5 mmol dm
-3
) in MeOH, every minute for 16 minutes at 25 
o
C 
 
Following the encouraging result of the ‘repscan’experiments, the decrease in the absorbance at 
400 nm, at 25 
o
C, was monitored every 1 s in order to calculate the rate of reaction. A series of 
experiments were performed using methanolic solutions of amide and bromine at various initial 
concentrations (table 5.1). Figure 5.34 shows the graphs obtained when a methanolic solution of 
THNP-H-am (2 mmol dm
-3
) was mixed with different concentations of bromine so that the latter 
had a range of initial concentrations from 0.23 mmol dm
-3
 (approximately 10 fold-deficient) to 
1.5 mmol dm
-3
. 
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Figure 5.34   The decrease of the absorbance of a methanolic solution of THNP -H-am (2 mmol dm
-3
) 
and bromine (0.23, 0.4, 0.7 and 1.5 mmol dm
-3
) at 25 
o
C, at 400 nm 
The decrease of absorbance at 400 nm (25 
o
C)  when methanolic solution of different 
concentrations of THNP-H-am at concentrations 2, 3 and 4 mmol dm
-3
 were reacted with 
bromine of initial concentration 0.23 mmol dm
-3 
is shown in figure 5.35. 
 
 
 
Figure 5.35    The decrease of the absorbance of a methanolic solution of THNP-H-am (2, 3 and 4 
mmol dm
-3
) and bromine (0.23 mmol dm
-3
) at 25 
o
C, at 400 nm 
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e
 kobs was taken to be the slope of the 1
st
 order plot.  
f
 The second order rate constant (k) for the reaction was calculated from the 1
st
 order plot as kobs /[amide]0. 
 
 
 
 
Exp          
 
 
 
[Amide]0 
(mmol dm-3) 
 
 
 
[Br2]0 
a 
(mmol 
dm-3) 
From initial rates From 1
st
 
order plot 
 
dAbs/dt
 b
 
(s-1) 
d[Br2]/dt
 c
 
(mol dm-3s-1) 
k 
d 
(mol-1dm3s-1) 
kobs  
e 
(s-1) 
k 
f 
(mol-1dm3s-1) 
1 3.00 0.19 4.00 x 10
-4 
2.48 x 10
-6
 4.4 1.38 x 10
-2
 4.6 
2 2.00 0.23 2.88 x 10
-4
 1.79 x 10
-6
 3.9 9.60 x 10
-3
 4.8 
3 2.00 0.23 3.20 x 10
-4
 1.99 x 10
-6
 4.3 1.06 x 10
-2
 5.3 
4 4.00 0.25 5.56 x 10
-4
 3.45 x 10
-6
 3.5 1.45 x 10
-2
 3.6 
5 4.00 0.27 7.64 x 10
-4
 4.75 x 10
-6
 4.3 1.70 x 10
-2
 4.3 
6 1.00 0.27 1.80 x 10
-4
 1.12 x 10
-6
 4.1 4.30 x 10
-3
 4.3 
7 2.00 0.37 1.74 x 10
-4
 1.08 x 10
-6
 1.5 3.90 x 10
-3
 2.0 
8 4.00 0.43 8.80 x 10
-4
 5.47 x 10
-6
 3.2 1.42 x 10
-2
 3.6 
9 2.00 0.45 5.76 x 10
-4
 3.58 x 10
-6
 4.0 8.70 x 10
-3
 4.4 
10 1.00 0.52 3.07 x 10
-4
 1.91 x 10
-6
 3.7 3.80 x 10
-3
 3.8 
11 3.00 0.60 9.03 x 10
-4
 5.61 x 10
-6
 3.1 1.03 x 10
-2
 3.4 
12 2.00 0.68 5.68 x 10
-4
 3.53 x 10
-6
 2.6 6.00 x 10
-3
 3.0 
13 2.00 0.72 9.86 x 10
-4
 6.12 x 10
-6
 4.3 8.50 x 10
-3
 4.3 
14 2.00 0.75 5.97 x 10
-4
 3.71 x 10
-6
 2.5 5.50 x 10
-3
 2.8 
15 2.00 1.01 7.91 x 10
-4
 4.91 x 10
-6
 2.4 4.60 x 10
-3
 2.3 
16 2.00 1.49 1.38 x 10
-3
 8.57 x 10
-6
 2.9 5.90 x 10
-3
 3.0 
 
a 
The concentration of bromine ([Br2]) was calculated as (Abso – Absinf ) / ε; Absinf was taken to be the average 
absorbance when the reaction trace was flat. 
 b
 dAbs/dt was taken to be the slope of the initial rates plot graph for approx. 10 % of the total  Abs loss 
c
 d[Br2]/dt was calculated as dAbs/dt / ε 
d
 The second order rate constant (k) for the reaction was calculated from initial rates as (d[Br2]/dt)/[Br2][amide]) 
Table 5.1   Kinetic analysis of the bromination  of THNP-H-am in methanol at 25
o 
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In order to determine the order with regards to the amide, experiments 1 – 6 (table 5.1) were 
considered where bromine is in large deficiency and its initial concentration was similar at 0.19 – 
0.27 mmol dm
-3
. The relationship of rate (or d[Br2]/dt) vs [amide] was linear (figure 5.36). 
 
  
Figure 5.36   Reaction rate vs [THNP-H-am], for the bromination of a methanolic solution of THNP -H-
am at 25 
o
C. [Br2] = 0.23 ± 0.04 mmol dm
-3
 
Experiments 2, 3, 7, 9, 12 – 16 (table 5.1) have the same concentrations of amide but different 
concentrations of bromine. Figure 5.37 shows a graph of the rate of the reaction vs [Br2] which 
also shows a linear relationship although the scatter is high (R
2
 = 0.85). It was necessary to go 
into the region of [Br2] > 0.3 mmol dm
-3
 to span a meaningful range of concentrations, so such 
scatter is to be expected.  
 
 
Figure 5.37   Rate of bromination of THNP-H-am vs [Br2] at 25 
o
C.  
[THNP-H-am] = 2 mmol dm
-3 
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From the above it is concluded that within the uncertainties of data used here the rate equation is 
of the form Rate = k [amide] [bromine] and shows an overall second order. 
A typical example of graphs from data collected from single wavelength runs (for λ = 400 nm, at 
25 
o
C) is shown below (for experiment 2 in table 5.1 where [THNP-H-am]0 = 2 mmol dm
-3
, 
[Br2]0 = 0.23 mmol dm
-3
); the graph obtained for initial rates concentration (for the consumption 
of approximately 10 % of bromine) is shown in figure 5.38 and the full Abs vs t plot is shown as 
inset.  
 
 
 
 
 
 
 
Figure 5.38   Initial rates plot of bromination of THNP-H-am (2 mmol dm
-3
) with Br2 
(0.23 mmol dm
-3
). Inset: Full Abs400 vs t plot 
A pseudo-first order analysis was also used, although this is less reliable in cases where the 
condition [amide]0 >>  [Br2]0 does not hold . The rate constant (k) was calculated using first order 
plots i.e. ln (Abst – Absinf) vs t. Initially kobs was calculated as the slope of the plot and k was then 
calculated as kobs / [amide]0. An example of first order plot for initial concentrations of THNP-H-
am 2 mmol dm
- 3
 and Br2 0.23 mmol dm
-3
 (exp 2 in table 5.1) is shown in figure 5.39; data is 
taken over approximately 3 half-lives.  
 
 
 
 
Figure 5.39   First order plot of the first 150 s of bromination of THNP -H-am (2 mmol dm
-3
) with Br2 
(0.23 mmol dm
-3
) 
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The definitive rate constant of the bromination of THNP-H-am in these experiments was taken as 
the average of the values for (d[Br2]/dt)/[Br2] [amide]) (table 5.1) for experiments 1-6 for which 
[Br2] < 0.3 mmol dm
-3
. The rate constant was found to be 3.71 ± 0.87 s
-1
mol
-1
dm
3
 (from initial 
rates) and 4.11 ± 0.91 s
-1
mol
-1
dm
3
 (from pseudo first order kinetics).  
The analysis of the kinetics of bromination of all other amides and imides followed the general 
experimental procedure described above.   
5.2.2.3    Bromination of N-(5,6,7,8-tetrahydro-1-naphthalenyl)methylpropenamide 
(THNP-Me-am) 
The bromination followed the general experimental procedure, as for THNP-H-am. The results 
are shown in table 5.2. 
Table 5.2   Kinetic analysis of the bromination of THNP-Me-am 
 
Exp          
 
[Amide] 
(mmol dm-3) 
 
[Br2] 
(mmol 
dm-3) 
From initial rates From 1
st
 order plot 
dAbs/dt 
(s-1) 
d[Br2]/dt 
(moldm-3s-1) 
k 
(mol-1dm3s-1) 
kobs 
(s-1) 
k 
(mol-1dm3s-1) 
1 2.00 0.20 3.89 x 10
-4
 2.42 x 10
-6
 6.04 9.81 x 10
-3
 4.91 
2 2.00 0.18 3.24 x 10
-4
 2.01 x 10
-6
 5.59 8.17 x 10
-3
 4.09 
 Average  
5.80 ± 0.32 
 Average  
4.50 
±0.58 
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5.2.2.4    Bromination of N-(5,6,7,8-tetrahydro-1-naphthalenyl)-2-chloropropenamide 
(THNP-Cl-am) 
The bromination followed the general experimental procedure. The results are shown in table 
5.3. 
Table 5.3   Kinetic analysis of the bromination of THNP-Cl-am 
 
Exp          
 
[Amide] 
(mmol dm-3) 
 
[Br2] 
(mmol 
dm-3) 
From initial rates From 1
st
 order plot 
dAbs/dt 
(s-1) 
d[Br2]/dt 
(moldm-3s-1) 
k 
(mol-1dm3s-1) 
kobs 
(s-1) 
k 
(mol-1dm3s-1) 
1 2.00 0.27 3.21 x 10
-5
 1.99 x 
10
-7
 
3.71 x 10
-1
 3.44 x 10
-4
 1.72 x 10
-1
 
2 2.00 0.31 4.47 x 10
-5
 2.78 x 
10
-7
 
4.55 x 10
-1
 3.39 x 10
-4
 1.70 x 10
-1
 
 Average 
4.13 x 10
-1  
± 0.6 x 10
-1
 
 Average 
1.71 x 10
-1 
± 0.02 x10
-1
 
 
5.2.2.5    Bromination of N-(5,6,7,8-tetrahydro-1-naphthalenyl)cyclohex-1-enyl-1-
carboxamide (THNP-cHex-am) 
The bromination followed the general experimental procedure. The results are shown in table 
5.4. 
Table 5.4   Kinetic analysis of the bromination of THNP-cHex-am 
 
Exp          
 
[Amide] 
(mmol dm-3) 
 
[Br2] 
(mmol 
dm-3) 
From initial rates From 1
st
 order plot 
dAbs/dt 
(s-1) 
d[Br2]/dt 
(moldm-3s-1) 
k 
(mol-1dm3s-1) 
kobs 
(s-1) 
k 
(mol-1dm3s-1) 
1 2.00 0.18 7.30 x 10
-4
 4.53 x 10
-6
 12.59 2.44 x 10
-2
 12.20 
2 2.00 0.20 8.47 x 10
-4
 5.26 x 10
-6
 13.15 2.56 x 10
-2
 12.80 
 
 
 
Average 
12.87 ± 0.39 
 Average 
12.50 ± 
0.42 
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5.2.2.6    Bromination of N-(2,6-dimethylphenyl)propenamide (2,6-diMePh-H-am) 
The bromination followed the general experimental procedure. The results are shown in table 
5.5. 
Table 5.5   Kinetic analysis of the bromination of 2,6-diMePh-H-am 
 
Exp          
 
[Amide] 
(mmol dm-3) 
 
[Br2] 
(mmol 
dm-3) 
From initial rates From 1
st
 order plot 
dAbs/dt 
(s-1) 
d[Br2]/dt 
(mol dm-3 s-1) 
k 
(mol-1dm3s-1) 
kobs 
(s-1) 
k 
(mol-1dm3s-1) 
1 2.00 0.22 1.41 x 10
-6
 8.76 x 10
-9
 1.99 x 10
-2
 3.75 x 10
-5
 1.88 x 10
-2
 
2 2.00 0.25 1.73 x 10
-6
 1.07 x 10
-8
 2.15 x 10
-2
 3.99 x 10
-5
 2.00 x 10
-2
 
 Average 
2.07 x 10
-2  
± 0.11 x 10
-2
 
 Average 
1.94 x 10
-2 
 ± 0.08 x 10
-2
 
 
5.2.2.7    Bromination of N-(2,6-dimethylphenyl)methylpropenamide (2,6-diMePh-Me-am) 
The bromination followed the general experimental procedure. The results are shown in table 
5.6. 
Table 5.6   Kinetic analysis of the bromination of 2,6-diMePh-Me-am 
 
Exp          
 
[Amide] 
(mmol dm-3) 
 
[Br2] 
(mmol 
dm-3) 
From initial rates From 1
st
 order plot 
dAbs/dt 
(s-1) 
d[Br2]/dt 
(moldm-3s-1) 
k 
(mol-1dm3s-1) 
kobs  
(s-1) 
k 
(mol-1dm3s-1) 
1 2.00 0.28 1.32 x 10
-6
 8.20 x 10
-9
 1.46 x 10
-2
 3.21 x 10
-5
 1.61 x 10
-2
 
2 2.00 0.23 1.42 x 10
-6 
8.82 x 10
-9
 1.92 x 10
-2
 3.94 x 10
-5
 1.97 x 10
-2
 
 
 
 
Average 
1.7 x 10
-2 
± 0.32 x 10
-2
 
 Average 
1.79 x 10
-2  
± 0.26 x 10
-2
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5.2.2.8    Bromination of N-(2,6-dimethylphenyl)cyclohex-1-enyl-1-carboxamide (2,6-
diMePh-cHex-am) 
The bromination followed the general experimental procedure. The results are shown in table 
5.7. 
Table 5.7  Kinetic analysis of the bromination of 2,6 -diMePh-cHex-am 
 
Exp          
 
[Amide] 
(mmol dm-3) 
 
[Br2] 
(mmol 
dm-3) 
From initial rates From 1
st
 order plot 
dAbs/dt 
(s-1) 
d[Br2]/dt 
(moldm-3s-1) 
K 
(mol-1dm3s-1) 
kobs 
(s-1) 
k 
(mol-1dm3s-1) 
1 2.00 0.29 5.42 x 10
-6
 3.37 x 10
-8
 5.74 x 10
-2
 9.58 x 10
-5
 4.79 x 10
-2
 
2 2.00 0.34 4.64 x 10
-6
 2.88 x 10
-8
 4.28 x 10
-2
 9.00 x 10
-5
 4.50 x 10
-2
 
 Average 
5.00 x 10
-2 
± 1.04 x 10
-2
 
 Average 
4.65 x 10
-2 
± 0.21 x 10
-2
 
 
5.2.2.9    Bromination of N-benzoyl-N-(5,6,7,8-tetrahydro-1-naphthalenyl)propenamide 
(THNP-H-im) 
The bromination followed the general experimental procedure. The results are shown in table 
5.8. 
Table 5.8  Kinetic analysis of the bromination of THNP-H-im 
 
Exp          
 
[Imide] 
(mmol dm-3) 
 
[Br2] 
(mmol 
dm-3) 
From initial rates From 1
st
 order plot 
dAbs/dt 
(s-1) 
d[Br2]/dt 
(moldm-3s-1) 
k 
(mol-1dm3s-1) 
kobs  
(s-1) 
k 
(mol-1dm3s-1) 
1 2.00 0.35 1.58 x 10
-6
 9.81 x 10
-9
 1.40 x 10
-2
 1.25 x 10
-5
 6.25 x 10
-3
 
2 2.00 0.37 1.42 x 10
-6
 8.82 x 10
-9
 1.18 x 10
-2
 2.13 x 10
-5
 1.07 x 10
-2
 
3 2.00 0.27 1.44 x 10
-6
 8.94 x 10
-9
 1.69 x 10
-2
 7.14 x 10
-5
 3.57 x 10
-2
 
 
 
 
Average 
1.42  x 10
-2 
± 0.26 x 10
-2 
 Average 
1.75 x 10
-2 
± 1.59 x 10
-2
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5.2.2.10    Bromination of N-benzoyl-N-(5,6,7,8-tetrahydro-1-naphthalenyl) 
methylpropenamide (THNP-Me-im) 
The bromination followed the general experimental procedure. The results are shown in table 
5.9. 
Table 5.9   Kinetic analysis of the Bromination of THNP-Me-im 
 
Exp          
 
[Imide] 
(mmol dm-3) 
 
[Br2] 
(mmol 
dm-3) 
From initial rates From 1
st
 order plot 
dAbs/dt 
(s-1) 
d[Br2]/dt 
(moldm-3s-1) 
k 
(mol-1dm3s-1) 
kobs 
(s-1) 
k 
(mol-1dm3s-1) 
1 2.00 0.45 3.43 x 10
-4
 2.13 x 10
-6
 2.37 3.42 x 10
-3
 1.71 
2 2.00 0.34 2.67 x 10
-4
 1.66 x 10
-6
 2.44 3.90 x 10
-3
 1.95 
 Average  
2.40 ± 0.05 
 Average  
1.83 ± 0.17 
 
5.2.2.11    Bromination of N-benzoyl-N-(5,6,7,8-tetrahydro-1-naphthalenyl)cyclohex-1-enyl-
1-carboxamide (THNP-cHex-im) 
The bromination followed the general experimental procedure. The results are shown in table 
5.10. 
Table 5.10    Kinetic analysis of the bromination of THNP-cHex-im
 
 
Exp          
 
[Imide] 
(mmol dm-3) 
 
[Br2] 
(mmol 
dm-3) 
From initial rates From 1
st
 order plot 
dAbs/dt 
(s-1) 
d[Br2]/dt 
(moldm-3s-1) 
k  
(mol-1dm3s-1) 
kobs  
(s-1) 
k  
(mol-1dm3s-1) 
1 1.40 0.28 9.22 x 10
-5
 5.73 x 10
-7
 1.49 1.70 x 10
-3
 1.21 
2 1.40 0.37 1.03 x 10
-4 
6.40 x 10
-7
 1.24 6.63 x 10
-4
 4.74 x 10
-1 a 
3 1.06 0.23 6.32 x 10
-5
 3.93 x 10
-7
 1.61 1.21 x 10
-3
 1.14 
4 0.53 0.16 3.22 x 10
-5
 2.00 x 10
-7
 2.36 4.42 x 10
-4
 8.34 x 10
-1 
 
 
 Average 
1.67 ± 0.48 
 Average  
1.06 ± 0.20 
a
 This value is clearly out of the range found for k from the other experiments probably due to the larger ratio of 
imide : bromine, a condition not favouring pseudo-first order kinetics. It was excluded from the calculations for the 
average value and the standard deviation. 
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5.2.2.12    Summary of results  
The calculated rate constants for the sample of amides / imides that was studied are shown in 
table 5.11, and the relevant bar charts are shown in figure 5.40. In all cases the value used was 
the one calculated from initial rates. 
Table 5.11 The calculated rate constants from the initial rates experiments 
 Second order Rate constant (s
-1
 mol
-1 
dm
3
) 
 THNP am 2,6-diMePh am THNP im 
Cl 0.41   
H 3.71 0.021 0.01 
Me 5.80 0.017 2.40 
cyclohex 12.87 0.050 1.67 
    
 
 
 
 
 
  
Figure 5.40   Graphical representations of k for the three sets of amides / imides  
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5.3  Discussion 
In this section the reactivity within each series e.g. THNP amides is discussed first and then 
compared to the rest, e.g. 2,6-diMePh amides. 
5.3.1 The reactivity of THNP amides 
The results show a significant increase in 
the rate of consumption of bromine 
between the amides of this group, such 
that THNP-Cl-am << THNP-H-am < 
THNP-Me-am < THNP-cHex-am. 
Investigation by 
1
H NMR spectroscopy 
of the products of bromination in 
methanol was discussed in detail for 
THNP-Me-am and THNP-H-am in 
5.2.1.4.2 and 5.2.1.5.3, respectively. THNP-
H-am reacted mainly by substitution to the 
aromatic ring and no addition product was observed. THNP-Me-am also reacted by substitution, 
although when more bromine was added small amounts of addition products were visible. 
Investigation of the products of bromination of THNP-Cl-am and THNP-cHex-am in methanol 
by 
1
H NMR analysis also showed an aromatic substitution product and only a small amount of 
addition products with THNP-cHex-am. However, since the kinetic experiments were performed 
with excess of amide, it is reasonable to assume that bromination is by aromatic substitution 
only.  
Three questions arise from these observations: 
o Why is aromatic substitution the preferred mode of bromination and not electrophilic 
addition? 
o Is the trend for the rate of reaction the effect of the change of substituent at C2? 
o How is the trend rationalised by the observations of the conformation of the amides in the 
crystal and in the gaseous state? 
Crystallographic studies have shown the THNP ring at various degrees of twisting out of the 
amide plane; in THNP-Cl-am it is almost planar (4.2 
o
) whereas in the other three it is twisted 
The figure above shows a graphical representation 
of k for THNP amides. It is reproduced from figure 
5.40 
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towards the perpendicular (in THNP-H-am it is 50.0 
o
, in THNP-Me-am 65.7 
o
 and in THNP-
cHex-am 73.7 
o
). However, computational studies have shown that the most stable conformation 
for all THNP amides in the gaseous state has THNP planar indicating that this could also be the 
preferred orientation in solution and that the twisting in the crystal is probably due to packing 
factors. The computated barriers, between perpendicular and planar positions of the THNP ring, 
are small anyway (< 15 kJ mol
-1
) and are likely to be easily outweighed by intermolecular forces 
in the crystal state. When planar the aromatic ring is fully activated by the NHCOR group and 
aromatic substitution is encouraged. At the same time though, the increased delocalisation of the 
nitrogen lone pair towards the aromatic ring decreases delocalisation towards the carbonyl group 
which in turn increases its conjugation with the alkene group making the latter more electron 
deficient and thus less electrophilic (figure 5.41). In fact THNP-H-am seems to react very 
similarly to N-phenylmethanamide, i.e. bromination is relatively fast and requires no catalyst.
19
 
 
Figure 5.41   Conjugation in THNP amides  
The increased possibility of addition in THNP-cHex-am could be partly responsible for the 
increase of the rate as the bromine is consumed by two reactions rather than one, although the 
ratio of addition to substitution products is very small and could not account for the observed 
2.2-fold increase in the rate constant. Moreover, no other amide in this group gave an addition 
product that was observable with NMR spectroscopy and an almost 10-fold increase was 
observed between THNP-Cl-am and THNP-H-am with the only change being the change of the 
C2 substituent. (A smaller change is seen for THNP-Me-am). It can therefore be concluded that 
the alkene substituent is responsible for the difference in the rate of aromatic bromination, which 
would, in turn, indicate the existence of a ‘relay’ mechanism in these amides such that an 
electron donating substituent in the alkene group increases the rate of aromatic substitution! This 
can be reasoned as an electron donating substituent at C2 would reduce the δ+ charge of the 
carbonyl carbon atom and discourage delocalisation of nitrogen lone pair towards it and thus 
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stabilise the Wheland intermediate (of the electrophilic substitution reaction) shown in figure 
5.42. 
 
Figure 5.42   Wheland intermediate of para bromination 
 
5.3.2   The Reactivity of 2,6-diMePh amides 
The rate of bromination of these amides is approximately 200 times smaller than the rate of 
THNP ones. Investigation of the products of 
2,6-diMePh-Me-am and 2,6-diMePh-H-am 
was described in 5.2.1.1.2 and  5.2.1.2.2 
respectively. It was found that the main 
product is from addition to the double bond 
and that no product from aromatic substitution 
was observed. Bromination in methanol lead to 
a mixture of addition products, with 2,6-
diMePh-H-am giving mainly dibromo and 
anti-Markovnikov bromo/methoxy products, 
whereas 2,6-diMePh-Me-am gave apart from 
dibromo, the two bromo/methoxy isomers at similar amounts. Investigation of the product of 
bromination of 2,6-diMePh-cHex-am in methanol by 
1
H NMR spectroscopy also showed that 
bromination took place by addition rather than substitution. Despite the apparent complexity of 
the addition it can be reasonably assumed that the first, and rate limiting, step leading to all 
products is an electrophilic addition reaction at C=C with bromine and hence it is valid to 
compare the kinetic effect. 
The figure above shows a graphical representation 
of k for 2,6-diMePh amides. It is reproduced from 
figure 5.40 
δ+ 
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Crystallographic data showed that the 2,6-diMePh ring is almost perpendicular to the amide 
plane in all these amides. Computational studies have also shown minimal energy when the 
aromatic ring is twisted by approximately 70 
o
 and 120 
o
. It is therefore likely that the aromatic 
ring is twisted in solution and hence not activated at all by the NHCOR group. In fact without its 
positive mesomeric effect only its negative inductive effect remains, so the NHCOR group is 
deactivating in this case. With the suppression of aromatic substitution the bromination takes 
place via addition to C=C which is slow, for example compared with the rate of aromatic 
substitution seen in THNP-amides. This could be due to the deactivating effect of the -CONHAr 
group and/or steric hindrance from the twisted aromatic ring. The substituent effect is obvious in 
the trend shown in the rate. Thus the more electron rich C=C in the cyclohexenyl group makes 
bromination faster compared amides where C=C has methyl or hydrogen substituents.  
5.3.3  The Reactivity of THNP imides 
Compared with THNP and 2,6-diMePh 
amides, the THNP imides have shown some 
trends that are difficult to explain although 
the most dramatic finding, that the 
electrophilic aromatic substitution seen for 
THNP amides is replaced by electrophilic 
addition as seen for 2,6-diMePh-amides, is 
easily explained. 
Crystallographic data for THNP imides 
showed the THNP ring to be almost 
perpendicular to the amide plane and 
computational studies also showed an energy minimum when the relevant torsion angle is 
approximately 90 
o
. So, for these imides as for 2,6-diMePh amides, the indication is that the 
aromatic ring is significantly twisted in solution and hence not activated towards electrophilic 
substitution by the NHCOR group. 
More difficult to explain is why (at least for the Me and cHex groups) the rate of electrophilic 
addition is significantly higher for THNP imides than for 2,6-diMePh amides despite the former 
having an additional electron withdrawing benzoyl group on the N that should reduce further the 
The figure above shows a graphical representation 
of k for THNP imides. It is reproduced from figure 
5.40 
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electron density of the alkene. A possible explanation is seen by considering the crowding 
around the alkene part. In the imides one face (the right as shown in figure 5.43) is severely 
blocked by the benzoyl group but the other face (the left) is quite open and clear. Since 
bromination by electrophilic addition is controlled by attack on just one face (in the rate limiting 
step), it may be that to have one face very open despite the other being severely blocked is 
preferable to having both faces slightly blocked. Another possibility is that the nearby electron-
deficient benzoyl group actually complexes with, and even polarises, the bromine near to the 
alkene (also explaining the predominance of di-bromo rather than bromo/methoxy addition 
product found for the imide). 
 
 
 
 
 
 
 
 
 
Figure 5.43   Structures from crystallographic data for THNP-H-im (a), THNP-Me-im (b) and THNP-
cHex-im (c) 
 
Even harder to explain is the apparent low reactivity of THNP-H-imide compared with the other 
two. Conformationally these imides look very similar although the ‘enone’ system in THNP-H-
am appears to be more planar; this planarity increases the conjugation of the C=C with C=O and 
hence decreases the electron density of the alkene group which could explain the low rate of 
electrophilic addition. 
5.3.4  Summary of Observations 
To summarise, in the amides/imides studied, bromination by electrophilic aromatic substitution 
was observed to be faster than addition to the alkene group and to take place in preference to the 
latter when the aromatic ring is activated by being planar to -NHCOR. So, THNP amides react 
with bromine in a similar way to N-phenylamides (anilides), whereas with the other two groups 
a b c 
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(2,6-diMePh amides and THNP imides) electrophilic substitution is suspended due to the twisted 
and hence deactivated aromatic ring. 
The 2,6-diMePh amides are brominated mainly by addition to the alkene group and although the 
addition is slow in general because of the deactivated C=C group the trend within the group is as 
expected by consideration of the electronic effects of the C2 substituents i.e. H < Me < cHex. 
The THNP imides were also observed to react with bromine by electrophilic addition to the 
alkene group. Here though, the addition was surprisingly faster than with 2,6-diMePh-amides 
possibly due to different steric effects or complexation of bromine with the benzoyl group and 
the trend within the group was different to the one expected by consideration of the C2 
substituents.  
5.4  Experimental 
5.4.1   General  
Bromine was used as received without further purification and diluted to the appropriate 
concentration using methanol (Analar grade). Volumes were measured using Eppendorf pipettes. 
The UV-Vis absorbance spectra were performed using a Lambda 750 spectrometer, attached to a 
Peltier unit for maintaining the temperature of the sample which was in a quartz cuvette.  
The NMR spectra were carried out in a Bruker DPX 500 MHz spectrometer. 
5.4.2   NMR experiments 
5.4.2.1  Bromination in CDCl3 – General procedure 
A stock solution of bromine in CDCl3 (1 mol dm
-3
) was made by adding bromine dropwise in a 
sample bottle containing CDCl3 (5 cm
3
), mixing and weighing until the appropriate weight of 
bromine was reached (0.79 g, 4.9 mmol). The stock solution was then diluted to the desired 
concentration (typically 0.04 mol dm
-3 
but in some experiments as high as 0.2 mol dm
-3
) and 0.5 
cm
3
 of the final solution was added to an NMR tube. The appropriate quantity of amide (0.025 
mmol – to give 0.05 mol dm-3 when mixed with 0.5 cm3of the bromine solution) was weighed in 
a sample bottle. Both the sample bottle and the NMR tube were kept in a sand bath at 25 
o
C. The 
bromine solution was added to the amide, the sample bottle shaken and the contents transferred 
to an NMR tube with a pipette. The tube was immediately inserted in an NMR instrument set to 
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take consecutive 
1
H NMR spectra and keep a steady temperature of 25 
o
C throughout the 
experiment. 
 5.4.2.2  Bromination in Methanol – General procedure 
A stock solution of bromine (approximately 0.24 mol dm
-3
) in methanol was prepared by adding 
one drop of concentrated bromine (approximately 39 mg, 0.24 mmol) to MeOH (1 cm
3
) in a 
sample bottle. A sample of the relevant amide (0.025 mmol) was dissolved in MeOH (1 cm
3
) in 
another sample bottle (to give a solution 0.025 mol dm
-3
 in amide) and to this were added three 
drops of the bromine stock solution (approximately 3 x 12.5 μl) to give a solution approximately 
0.009 mol dm 
-3
 in bromine; then the sample bottle was stoppered and left at room temperature in 
the dark for 24 h, after which the sample bottle was opened and moved to a fume cupboard for 
the solvent to evaporate. The contents of the sample bottle were then dissolved in CDCl3 and 
analysed by 
1
H NMR spectroscopy. Since most experiments showed only partial reaction (there 
was approximately 3-fold deficiency of bromine), the residue of the sample used for NMR 
analysis, after CDCl3 removal, was re-dissolved in MeOH (1 cm
3
) and then was treated with a 
further 3 drops of the stock bromine solution, (so that the total added over two runs was 
equivalent to 0.018 mol dm
-3
 bromine), allowed to react and subjected to 
1
H NMR analysis as 
before.  
The experiment was also repeated with more bromine (7 drops of stock solution) added initially, 
approximately 0.021 mol dm
-3
 in bromine. 
5.4.2.3    Bromination of N-(2,6-dimethylphenyl)methylpropenamide 
5.4.2.3.1   Bromination in CDCl3 
The bromination followed the general procedure. The quantity of amide used was 4.73 mg 
(0.025 mmol). 
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1
H NMR (500 MHz, CDCl3) δ = 7.88 (bs, 1H, NH), 7.06 – 7.14 (m, 3H, H3’, H4’, H5’), 4.04 (d, 
J3,3 = 10.9 Hz, 1H, H3), 3.99 (d, J3,3 = 10.9 Hz, 1H, H3), 2.26 (s, 6H, C2’– CH3, C6’ – CH3), 
2.18 (s, 3H, C2 – CH3). 
5.4.2.3.2   Bromination in MeOH 
The bromination followed the general procedure. The quantity of amide used was 4.73 mg 
(0.025 mmol). Bromination have a mixture of N-(2,3-dibromo-2,6-dimethylphenyl) -2-
methylpropanamide (compound a), N-(2,6-dimethylphenyl)-2-bromo-3-methoxy-2-
methylpropanamide (compound b) and N-(2,6-dimethylphenyl)-3-bromo-2-methoxy-2-
methylpropanamide (compound c). 
         
 
 
 
 
The peaks of 
1
H NMR spectrum of the crude reaction mixture were allocated as follows: 
1
H 
NMR (500 MHz, CDCl3) δ = 7.06 – 7.15 (m, H3’, H4’, H5’ all compounds), 4.06 (d, J =10.8 Hz, 
H3a), 3.99 (d, J =10.8 Hz, H3a), 3.94 (d, J =11.3 Hz, H3c), 3.87 (d, J =10.6 Hz, H3b), 3.73 (d, J 
=10.6 Hz, H3b), 3.61 (d, J =11.3 Hz, H3c), 3.52 (s, OCH3 b), 3.47 ((s, OCH3 c). Methyl peaks of 
the products were at δ = 2.27, 2.25, 2.24 and 2.20 ppm but allocation of each peak to a particular 
product was not possible. 
5.4.1.4    Bromination of N-(2,6-dimethylphenyl)propenamide 
5.4.1.4.1   Bromination in CDCl3 
The general procedure was followed. The quantity of 2,6-diMePh-H-am used was 4.38 mg 
(0.025 mmol). The experiments with 0.04 mol dm
-3
 and 0.2 mol dm
-3
 bromine gave N-(2,6-
dimethylphenyl)-2,3-dibromopropanamide (with a trace amount of unreacted starting amide in 
the 0.04 mol dm
-3
 case).  
 
a b c 
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1
H NMR (500 MHz, CDCl3) δ = 7.54 (bs, 1H, NH), 7.04 – 7.13 (m, 3H, H3’, H4’, H5’), 4.66 
(dd, J1 = 3.9 Hz, J2 = 9.2 Hz, 1H, H3), 4.04 (bt, J = 9.7 Hz,  1H, H3), 3.83 (dd, J1 = 3.9 Hz, J2 = 
10.1 Hz, 1H, H2), 2.24 (s, 6H, C2’– CH3, C6’ – CH3). 
5.4.1.4.2   Bromination in methanol 
The general procedure was followed. The quantity of 2,6-diMePh-H-am used was 4.38 mg 
(0.025 mmol). Bromination gave a mixture of three products: N-(2,6-dimethylphenyl)-2,3-
dibromopropanamide (a), N-(2,6-dimethylphenyl)-3-bromo-2-methoxypropanamide (b) and N-
(2,6-dimethylphenyl)-2-bromo-3-methoxypropanamide (c). 
 
 
 
         
 
 
Characteristic peaks were: 
1
H NMR (500 MHz, CDCl3) δ = 7.07 – 7.16 (m, H3’, H4’, H5’ all 
compounds), 4.67 (dd, H2a), 3.63 (s, OCH3 b), 3.50 (s, OCH3 c). Although showing patterns 
expected of these compounds, the remaining peaks were not assigned. 
5.4.1.5    Bromination of N-(2,6-dimethylphenyl)cylohex-1-enylamide 
The bromination was performed in methanol only and the general procedure was followed. The 
quantity of 2,6-diMePh-cHex-am used for each experiment was 5.73mg (0.025mmol). 
The main products that were two bromo/methoxy addition products (Markovnikov and anti-
Markovnikov isomers) with characteristic methoxy peaks at 3.62 and 3.44 ppm.  
 
 
a b c 
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5.4.1.6    Bromination of N-(5,6,7,8-tetrahydro-1-naphthalenyl)methylpropenamide 
5.4.1.6.1   Bromination in CDCl3 
The general procedure was followed. N-(5,6,7,8-tetrahydro-1-naphthalenyl)methylpropenamide 
(5.38mg, 0.025 mmol) was mixed with 0.5 cm
3
 of bromine solution in CDCl3 (0.04 mol dm
-3
  
made by diluting 0.1 cm
3
 of the stock solution to 2.5 cm
3
). The reaction was complete in less 
than 8 min and produced a mixture of products by addition and/or substitution (a, s and as). The 
peaks for the s and as products are at very similar shifts (within 0.01 ppm) to the ones shown 
below for the same products of bromination in methanol. The a product showed characteristic 
bromomethylene peaks at 4.05 and 3.93 ppm, and a methyl peak at 2.17 ppm. 
5.4.1.6.2   Bromination in Methanol 
The general procedure was followed; the quantity of THNP-Me-am used for each experiment 
was 5.38 mg (0.025 mmol). Bromination gave four products with the addition ones becoming 
more prevalent as more bromine was added. The products were: N-(4-bromo-5,6,7,8-tetrahydro-
1-naphthalenyl)-2-methylpropanamide (s), N-(4-bromo-5,6,7,8-tetrahydro-1-naphthalenyl)-2,3-
dibromo-2-methylpropanamide (as 1), N-(4-bromo-5,6,7,8-tetrahydro-1-naphthalenyl)-3-bromo-
2-methoxy-2-methylpropanamide (as 2) and N-(4-bromo-5,6,7,8-tetrahydro-1-naphthalenyl)-2-
bromo-3-methoxy-2-methylpropanamide (as 3). 
 
 
 
 
 
 
Characteristic peaks were shown as follows: 
Compound s; 
1
H NMR (500 MHz, CDCl3) δ = 7.64 (d, J = 8.7 Hz, H3’), 7.41 (d, J = 8.7 Hz, 
H2’), 5.81 (d, H3), 5.46 (d, J = 9.3 Hz, H3). 
s as 3 as 1 as 2 
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Compounds as 1, as 2 and as 3; 
1
H NMR (500 MHz, CDCl3) δ = 7.54 (d, J = 8.6 Hz, H3’), 7.42 
(d, J = 8.5 Hz, H2’), 4.05 (d, J = 10.8 Hz, H3,as 1), 3.92 (d, J = 10.8 Hz, H3, as 1), 3.53 (s, 
OCH3, as 2), 3.45 (s, OCH3, as 3).  
5.4.1.7    Bromination of N-(5,6,7,8-tetrahydro-1-naphthalenyl)propenamide 
5.4.1.7.1   Reaction of solid amide with bromine vapour 
Solid N-(5,6,7,8-tetrahydro-1-naphthalenyl)propenamide (20 mg) was put in a small sample 
bottle. A small vial of bromine (approximately 0.5 cm
3
) was placed in the sample bottle and the 
bottle was loosely closed with a lid. It was left in a fume cupboard for 7 d; the bromine was 
replaced daily. A small sample of the solid was then dissolved in CDCl3 and was identified by a 
full NMR set of spectra as almost pure N-(4-bromo-5,6,7,8-tetrahydro-1-naphthalenyl)-2,3-
dibromopropanamide, a product of electrophilic addition and aromatic substitution.  
  
 
The peaks were allocated as follows: 
1
H NMR (500 MHz, CDCl3) δ = 7.66 (bs, 1H, NH), 7.51 (d, J3’,2’= 8.8 Hz, 1H, H3’), 7.43 (d, 
J2’,3’ = 8.8 Hz, 1H, H2’), 4.70 (dd, J2,3a = 4.9 Hz, J2,3b = 7.1 Hz, 1H, H2), 4.02 (dd, J3b,2 = 7.1 Hz, 
J3b,3a = 10.5 Hz, 1H, H3b), 3.96 (dd, J3a,2 = 4.9 Hz, J3b,3a = 10.5 Hz, 1H, H3a),  2.76 – 2.80 (m, 
2H, H5’), 2.60 – 2.65 (m, 2H, H8’), 1.78 – 1.82 (m, 4H, H6’, H7’) 
13
C NMR (125 MHz, CDCl3) δ = 164.0 (CO), 137.6 (C10’), 131.7 (C9’), 133.5 (C1’), 130.1 
(C2’), 121.9 (C3’), 47.6 (C2), 32.6 (C3), 30.8 (C5’), 25.3 (C8’), 22.5 (C6’), 22.2 (C7’). 
5.4.1.7.2   Bromination in CDCl3 
The bromination followed the standard procedure. The amount of amine used was  
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5.03 mg (0.025 mmol). Bromination with excess (4-fold) in CDCl3 gave the as compound (N-(4-
bromo-5,6,7,8-tetrahydro-1-naphthalenyl)-2,3-dibromopropanamide) as the only significant 
product.
c
 
5.4.1.7.3   Bromination in Methanol 
Bromination in methanol followed the standard procedure. The amount of amine used was  
5.03 mg (0.025 mmol). The main product was N-(4-bromo-5,6,7,8-tetrahydro-1-
naphthalenyl)propenamide by aromatic substitution. 
 
Characteristic peaks: 
1
H NMR (500 MHz, CDCl3) δ = 7.64 (b, H3’), 7.41 (d, J = 8.6 Hz, H2’), 
6.43 (d, H3), 6.28 (dd, H2), 5.79 (d, H3). 
5.4.1.8    Bromination of N-(5,6,7,8-tetrahydro-1-naphthalenyl)-2-chloropropenamide 
The bromination was performed in methanol only and the general procedure was followed. The 
quantity of THNP-Cl-am used for each experiment was 5.79 mg (0.025 mmol). The product was 
by aromatic substitution with characteristic peaks at 7.73 and 7.44 ppm.  
5.4.1.9    Bromination of N-(5,6,7,8-tetrahydro-1-naphthalenyl)cyclohex-1-enyl-1-
carboxamide 
The bromination was performed in methanol only and the general procedure was followed. The 
quantity of THNP-cHex-am used for each experiment was 6.38 mg (0.025 mmol). Here also the 
product was by aromatic substitution with characteristic peaks at 7.67 and 7.40 ppm.  
 
 
                                                 
c
 With equimolar bromine a mixture of possible addition, substitution and addition/substitution products were 
suspected but precise assignment of peaks is unreliable – see Results and Discussion for analysis. 
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5.4.1.10    Bromination of N-benzoyl-N-(5,6,7,8-tetrahydro-1-naphthalenyl) 
methylpropenamide 
The bromination was performed in methanol only and the general procedure was followed. The 
quantity of THNP-Me-im used for each experiment was 7.99 mg (0.025 mmol). The main 
product was a dibromo compound formed by electrophilic addition with characteristic alkene 
peaks at 4.20 and 4.37 ppm. 
 
5.4.3  Uv-Vis Experiments 
A stock solution of the amides/imides (2 mmol dm
-3
, 10 cm
3
) was prepared by adding the 
relevant quantity in a 10 cm
3
 volumetric flask. A stock solution (24 mmol dm
-3
) of bromine was 
prepared by adding a drop of bromine (approximately 39 mg) into a 10 cm
3
 volumetric flask and 
diluting with methanol to 10 cm
3
. Both volumetric fasks were stoppered and further precautions 
were taken to prevent evaporation of the solvent (e.g. lid sealed and secured with parafilm) ; the 
bromine stock solution was kept in the dark and was replenished every 2 days. 
5.4.3.1    The Stability of the Amide in Methanol 
A small quantity (2.5 cm
3
) of the stock solution of THNP-H-am was added to a dry cuvette. 
After temperature equilibration to 25 
o
C, by leaving the cuvette for 5 minutes in the spectrometer 
whose temperature was kept steady by a Peltier apparatus, a UV-Vis spectrum was taken of the 
absorbance in the range of 300 – 500 nm. The cuvette was then removed from the instrument, the 
lid was secured with tape to prevent evaporation of the solvent and was kept in a container for  
60 h. After further temperature equilibration a second scan was taken in the same conditions. 
Comparison of the two scans showed that no change had occurred, indicating that the amide is 
chemically stable in methanol. 
5.4.3.2    The Molar Absorptivity of Bromine 
A fresh solution of bromine was prepared by adding two drops of bromine to in a pre-weighed 
sample bottle containing 4 cm
3
 of methanol. The accurate weight of the bromine added was 
measured by subtracting the weight of the sample bottle after the addition from the original 
weight and found to be 87.7 mg giving the original concentration of bromine as 137.20 mmol 
dm
3
. A dilution of this solution was prepared in a different sample bottle by adding 1 cm
3
 of 
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solution to 2 cm
3
 of methanol; the concentration of the dilute solution was 45.73 mmol dm
-3
. The 
process was repeated seven more times to give solutions of concentrations: 15.24, 5.08, 1.69, 
0.56, 0.19, 0.06 and 0.02 mmol dm
3
. The sample bottles were stoppered and kept in a sandbath at 
25 
o
C. 
Each of the solutions was added to a dry cuvette and the absorbance in a range of 300 – 500 nm 
was measured by a UV-Vis spectrometer. The more dilute solutions, with concentrations 1.7 – 
0.02 mmol dm
3
 were found to have a range of absorbances that were < 10 in all wavelengths 
measured. They showed two peaks at 300 and 378 nm. The graph of absorbance vs concentration 
was linear for 378 nm and also for 400 nm. Beer-Lambert law states that Abs = ε c l, where ε is 
the molar absorptivity, c the concentration and l the path length of the rays (in this case 1 cm). 
Hence, the molar absorptivity of bromine is given by the slope of the graph, which for the one at 
400 nm was 161 mol
-1 
dm
3
 cm
-1 
and within the range of the published value for the molar 
absorptivity of bromine. This value (ε = 161 mol-1 dm3 cm-1) was used for conversion of 
absorbance to concentration in the analysis of the results of the kinetic experiments that 
followed.  
5.4.3.3    Kinetic Analysis of the Bromination of Amides/Imides 
A small quantity (2.5 cm
3
) of the stock amide/imide solution (2 mmol dm
-3
) was added to a dry 
cuvette and left for 5 minutes in the UV-Vis spectrometer whose temperature was kept constant 
at 25 
o
C. After temperature equilibration a small quantity (25 μl) of stock bromine solution was 
added using an eppendorf pipette. This gave a concentration of bromine of approximately 0.24 
mmol dm
-3
 thus approximately 8-fold deficient compared to amide/imide. The cuvette was 
stoppered and shaken and then used for the necessary single λ readings to be taken.  
For each compound the absorbance of bromine at 400 nm was measured by single λ400 every 1 s 
until there was no further significant change. The data was transferred to Excel and the first 10 % 
used for initial rate analysis; the rate (dAbs / dt) was the slope of the graph of absorbance vs time.  
This was converted to d[Br2] / dt using Beer- Lambert law (Abs = ε c l). The concentration of 
bromine was calculated more precisely as (Abs400 (initial) – Abs400 (infinite)) / ε400. The measurements 
stopped when there was no significant change shown in the absorbance and the average of the 
final values was taken to be the Abs400 (infinite).  The rate constant (k) was calculated from the 
equation: Rate = k [amide/imide] [Br2]. 
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CHAPTER SIX 
CONCLUSION AND FURTHER WORK 
This work described the synthesis, conformation and reactivity of a number of N-mono- and 
N, N-di-substituted propenamides.  
Twenty amides/imides were synthesised, fourteen of which are novel and of the other six, 
four are characterised for the first time. Synthesis was by acylation of the relevant 
amine/amide by the appropriate acyl chloride. In most cases the solvent was THF and 
triethylamine was also used to activate the chloride. Yields ranged from modest to good (6 – 
85 %). Where the chloride was not available, chlorination of the relevant acid was readily 
achieved by reaction with PCl5. Three of the acids had to be synthesised; 2-chloropropenoic 
acid was prepared by chlorination of methyl propenoate followed by de-hydrohalogenation; 
2,3,3-trichloropropenoic acid was synthesised by reacting hexachloropropane with fuming 
sulphuric acid; 2-cyano-3-phenylpropenoic acid was synthesised by Knoevenagel 
condensation of benzaldehyde with cyanoethanoic acid and chlorination was by oxalyl 
chloride rather than the usual PCl5; all involved small modifications of literature routes.  
The compounds were characterised by NMR spectroscopy, combustion microanalysis and/or 
High Resolution Mass Spectrometry and their melting points were determined. A set of NMR 
scans (
1
H, 
13
C, COSY, DEPT, HSQC, HMBC) allowed full allocation of peaks. NMR, in 
some cases, gave an indication of configuration. For example, the shifts of H3 in 2-cyano-3-
propenoic acid as well as in the relevant amide (THNP-2CN-3Ph-am) were close to the 
empirically estimated values (based on additivity rules) for E configuration around C=C, a 
fact later confirmed by crystallography. Another amide (2,6-diMePh-H-am) was shown by 
NMR spectroscopy to have a Z configuration round the partial double C-N bond in polar 
solvents such as MeOD and d-DMSO, but (alone of the amides here) a significant proportion 
(21 %) of the E isomer was also present in CDCl3.   
X-ray crystallography was used to confirm the molecular structure and the solid state 
conformation of nineteen of the compounds. Two of the compounds crystallised in chiral 
groups; THNP-H-am (in P21) and THNP-cHex-am (in P212121). In most compounds the 
geometry around N was planar. The THNP group was often twisted out of plane, although the 
random pattern of torsion angles in THNP amides suggested a small rotational barrier in 
solution. In all THNP imides as well as 2,6-diMePh amides and imides, the aromatic group 
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appeared to twist greatly out of plane and be almost perpendicular to the amide group 
suggesting a similar preferred orientation in solution.  
Computational studies provided information about molecular conformation in the gaseous 
state. Here the crystallographic file was used in most cases as input and geometry 
optimisation (at B3LYP/6-31G* level) was performed initially, followed by an energy profile 
(at B3LYP/6-31G* level) for rotation around the C-N bond. THNP amides had energy 
minima when in the planar conformation with the cyclohexanyl loop anti to the enone group. 
The calculated rotational barrier (average: 38.90 ± 0.89 kJ mol
-1
) is small, so that despite the 
range of torsion angles found in the crystals of these amides, in solution the preferred 
orientation of the THNP group is most likely planar. The energy profile of 2,6-diMePh 
amides, however, showed an energy maximum when the aromatic ring was planar and 
minima when almost perpendicular to the amide plane. The rotational barrier was found to be 
higher for 2,6-diMePh-Me-am at 42.93 kJ mol
-1 
but for the other two amides studied (2,6-
diMePh-H-am and 2,6-diMePh-cHex-am) the rotational barrier was smaller than for THNP 
amides with an average of 31.50 kJ mol
-1 
.  Given the consistent almost perpendicular 
twisting of the aromatic ring shown by crystallography results, and the computational minima 
at this position, it was suggested that this is the preferred orientation in solution, although the 
low barrier indicates rapid rotation. A similar conclusion was also drawn for THNP imides. 
For these imides, the energy profile was more complicated, not surprisingly given the 
extended conjugation as a result of the additional benzoyl group but also the additional steric 
crowding leading to extensive twisting in the crystal. However, it did show the most stable 
conformations to be ones with THNP ring highly twisted and these large torsion angles were 
also found in the crystal. The computed rotational barrier for THNP imides is much larger 
(average: 82.02 kJ mol
-1
), hence full rotation around the N-C bond is likely to be much 
slower (e.g. 382 s for THNP-Me-im). 
The effect of such conformational variability on the reactivity of these compounds was 
explored by observation of the products and the kinetics of bromination. Bromine was used 
as a brominating agent and the reaction was performed in methanol and, in some cases, in 
CDCl3. THNP amides reacted by substitution only when the reaction was performed in 
methanol, although bromination in CDCl3 of THNP-H-am and THNP-Me-am showed 
addition/substitution (as) products as well as products by addition only (a) and by 
substitution only (s). The conclusions drawn about the preferred conformation of these 
amides in solution help to rationalise these findings. The aromatic ring was shown to be co-
planar with and hence activated by the NHCOR group, so aromatic substitution is dominant 
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and this reaction is more favoured in a polar solvent which stabilises the polar Wheland 
intermediate. On the other hand bromination by electrophilic addition to C=C is discouraged 
as C=C is deactivated by the CONHR group, a deactivation which is enhanced by the 
delocalisation of the nitrogen lone pair towards the aromatic ring, which discourages 
conjugation within the amide group making the CO-NH group less electron-rich and hence, 
from the viewpoint of the C=C, a more electron withdrawing substituent. 
The kinetics of the reaction in methanol were investigated and surprisingly, although the 
reaction site was at the para position of the aromatic ring, the rate of reaction was found to be 
affected by the C2 (alkene) substituent, being faster for more electron donating groups; in 
particular THNP-Cl-am << THNP-H-am < THNP-Me-am < THNP-cHex-am. This was again 
rationalised as electron donating groups increase the electron density of the carbonyl making 
it a less electron withdrawing substituent to the N, which bears a δ+ in the Wheland 
intermediate. 
The 2,6-diMePh amides were interesting as they were shown by crystallographic and 
computational studies to have a highly twisted aromatic ring. These amides gave addition 
only products both in methanol and in CDCl3; this is explained by lack of conjugation of N 
with the aromatic ring meaning that the ring is not activated by the NHCOR group by 
resonance and, in fact, is de-activated by induction. So, even in a polar solvent, electrophilic 
substitution did not take place. The addition to the C=C group was slow; apparently the C=C 
group is strongly deactivated towards bromination by the CONHR group and it can be 
assumed that it was only observed here because the more facile electrophilic aromatic 
substitution was supressed by the N-Ar conformation. Comparison of the reaction rates 
within the set showed that the reaction is faster with 2,6-diMePh-cHex-am, as a result of the 
increased electron donating effect of the cyclohexenyl group. The rate of bromination of 2,6-
diMePh-Me-am was found to be almost the same as the rate of 2,6-diMePh-H-am,although 
based on electronic factors it ought to be faster, and this might be due to steric reasons, e.g. 
blocking of the approach of Br2 to C=C by the perpendicular Ar group (noting also that the 
rotational barrier for rotation around C-N bond in 2,6-diMePh-Me-am was higher than for the 
other amides of this set). 
Finally a set of imides (THNP imides) shown to also have a highly twisted aromatic ring gave 
similar results to the 2,6-diMePh amides with the main product being electrophilic addition 
rather than substitution. However, the trends of the rate of reaction within this set were not 
easy to rationalise and probably reflect the increasingly complex interplay of electronic, 
resonance and steric factors. 
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So, this work has shown that structure and conformation affect reactivity to an extent that 
expected (textbook) trends can be reversed (e.g. here, bromination by electrophilic addition is 
slow and electrophilic substitution is preferred when the aromatic ring is planar); In addition, 
substituents which are remote from the site of the reaction can have an effect on the rate.  
Rotational rates decrease with lower temperatures and although reaction rates also decrease, 
others have suggested that the two may not change to the same extent. So, this work would be 
enhanced with further studies of the bromination reaction in lower temperatures, perhaps 
close or below 0 
o
C.   
The effect of solvent polarity was shown qualitatively for the THNP amides where 
bromination by substitution was dominant. A study of the rate of bromination in solvents 
with different polarity would be interesting.  
Imides with substituted 5,6,7,8-tetrahydro-1-naphthalenyl group could have increased 
rotational barriers, but also a different balance of activation of the aromatic ring vs the 
alkene. Bromination of such compounds will elucidate further the effect of conformation on 
the reactivity of substituted propenamides.  
Finally, if the substituents are such that an atropisomeric compound is produced giving 
enantiopure crystals an interesting study would be to explore whether chirality is maintained 
by bromination (or even another reaction such as Diels-Alder) and also the effect of solvent 
polarity and temperature. 
 
 
 
